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Excess Volume and Exsolution in Pyrope-Grossular Garnet 
Wei Du 
X-ray diffraction (XRD) was used to measure the unit cell parameters of pyrope 
(Mg3Al2Si3O12), grossular (Ca3Al2Si3O12) and four intermediate solid solutions synthesized at ~6 
GPa and 1400°C in multi-anvil (MA) apparatus. Intermediate garnet solid solutions on this join 
show regular asymmetric positive excess volumes, but roughly 2-3 times bigger than previous 
reports from garnet hydrothermally synthesized in piston cylinder apparatus. The binary 
Margules equation used to fit this excess volume data gives parameters 
VgrossularW = 2.00.1 
cm
3
/mol, which is about half as big as
VpyropeW = 4.30.1 cm
3
/mol. Garnets synthesized in diamond 
anvil cells (DAC) with wider XRD peaks than those synthesized in MA have more nearly 
symmetrical excess volumes about 3 times larger than those previous piston cylinder syntheses. 
The large size difference between divalent Mg and Ca is the key reason for the non-ideal mixing 
properties of pyrope-grossular garnet solid solution. Partial order/disorder of Ca-Mg in the X site 
may be responsible for the interesting, variable mixing phenomena among different synthesis 
methods. 
The large excess volumes we measured from MA-synthesized garnets imply that the solvus 
of pyrope-grossular garnet will become experimentally accessible at high pressures, perhaps less 
than 10 GPa, unlike the expectations derived from the much smaller excess volumes of 
hydrothermally grown garnets.  
X-ray diffraction (XRD) methods and diamond anvil cells were used to measure the unit cell 
parameters of multi-anvil (MA) grown garnets: pyrope, grossular, and four intermediate solid 
solutions up to ~600°C and ~10 GPa. The unit cell parameters of these synthetic garnets increase 
with temperature and decrease with pressure. Thermal expansion coefficients of garnets in this 





, and uniformly increase with temperature but differ with garnet 
compositions. At high temperature, the calculated thermal expansion coefficients of end-member 
pyrope and grossular in this study are larger than those reported by Skinner (1956).  
The compressional properties of these MA-synthesized pyrope and grossular are comparable 
with previous reports (Finger 1978; O'Neill et al., 1989; Zhang et al., 1998 and 1999; Pavese et 
al., 2001; Jiang et al., 2004). The Birch-Murnaghan EOS yields Κ0=165.41.8GPa, with Κ0’ 
fixed to be 5.92 for grossular and Κ0=172.52.0GPa for pyrope, with Κ0’ fixed to be 4.4. The 
bulk moduli of garnet with intermediate composition are all 155~160GPa, smaller than the end-
members, showing no significant compositional dependence, as is consistent with the fact that 
garnets on this join have large positive excess volume, which makes them more compressible at 
high pressure. Application of these results indicates that the excess volumes in the pyrope-
grossular series remain high even at high P and T. 
Multi-anvil (MA) technique was used to study the grossular-pyrope garnet solid solution for 
conditions of pressure and temperature stability against exsolution. Two garnet phases Py90Gr10 
and Py40Gr60 with wt.% composition ratio 1:1, the expected consolute composition, were heated 
at 6GPa and different temperatures. XRD measurement results showed that these two garnet 
phases converged completely to one phase with composition ~Py65Gr35 at 1200°C, indicating 
that the critical temperature of pyrope-grossular garnet solvus is lower than 1200°C, lower than 
some literature modeling results (Haselton and Newton, 1980).  
At 8GPa, long term heating experiments for both convergence and divergence showed that
two garnet phases with composition around ~Py82Gr18 and ~Py62Gr38 were equilibrated with each 
other at 1200°C. These garnet pairs represent the positions of the pyrope-grossular garnet solvus’ 
two limbs at 1200°C and 8 GPa. Convergence experiments at 1100 °C and 8 GPa also showed 
changing composition of a widely-separated compositionally different garnet pair. However the 
equilibrium composition at 1100 °C and 8 GPa failed to be constrained by divergence heating 
experiments because the relatively low temperature and much slow diffusion rate of Mg/Ca 
cation exchange in garnet. Observations of garnet immiscibility at < 10 GPa reported here 
suggest that the MA-garnet excess volumes represent internal equilibrium values. 
Deduction from our new two phase equilibrium experiments shows that pyrope-grossular 
solvus has a higher critical temperature in the range 800-900°C at 1 bar compared to previous 
thermodynamic models (T<600°C) (Ganguly et al., 1996), suggesting that at pressure as high as 
2GPa, exsolution in garnet can happen at a higher temperature than previous thought, which is 
strongly supported by the high temperature (800-860ºC) exsolution in garnet samples found from 
natural metagabbro, South Harris  (Cressey,1978), and an immiscible garnet pair in pyrope-rich 
garnet crystal collected from Garnet Ridge, Arizona was reported by Wang et al. (2000).
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Chapter 1 Introduction 
 
 
1.1 Excess Volume of Pyrope-Grossular Garnet 
Walker et al., (2005) showed that excess volumes of the halite-sylvite solution were strongly 
temperature and pressure dependent. A binary Margules solution model was proposed for 
interpolating the mixing behavior between solid chloride end-members, and it provides an 
accurate prediction of the rise of the solvus with increasing pressure for the join NaCl-KCl. 
Evaluation of other cases would be desirable before this model is adopted for all compositional 
interpolations of high-pressure geological solution series, providing a motivation for this study. 
 Garnets have a cubic structure like the chlorides, which makes them a good case in point. 
And they are very common minerals in the Earth’s crust and upper mantle, so accurate 
experimental data on garnets’ mixing properties such as volume, enthalpy, and entropy are in 
great need to improve existing geothermal barometers. The mixing volumes and enthalpies of 
solution of several synthetic and natural garnets on the join pyrope-grossular have been 
determined experimentally (Newton et al., 1977; Geiger et al., 1987; Bosenick et al. 1995, 1996 
and 1997; Geiger and Feenstra, 1997). From these studies, in which most of the experimental 
synthesis work employed piston-cylinder (PC) techniques, it is clear that the pyrope-grossular 
garnet solid solutions are highly non-ideal. The thermochemistry of the pyrope-grossular join 
investigated by Newton et al. (1977) showed that almost all intermediate compositions have 
positive excess volumes and the garnet solid solution has higher positive enthalpies of mixing in 
the pyrope-rich garnets than the grossular-rich ones. Wood (1988) proposed a two-parameter 
asymmetric mixing model with relatively small positive deviations in pyrope-rich compositions 
and larger positive deviations in grossular-rich compositions. Alternatively, Berman (1990) 
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proposed a symmetric mixing model for pyrope-grossular garnets. Dachs and Geiger (2006) 
showed that an asymmetric Margules mixing model was inappropriate for modeling the entropy-
composition relationships, but a two-parameter Redlich-Kister model was a better tool to 
interpret this relationship. Apparently, agreement between the different models of garnet mixing 
properties based on experimental data is not very satisfactory. 
In chapter 2, we present the unit cell parameter of garnet solid solutions on the join pyrope-
grossular synthesized by two different high pressure techniques, multi-anvil (MA) and diamond 
anvil cell (DAC). We compare these new calculated excess volumes with those reported by 
previous studies. And we also present new high temperature, high pressure experimental results 
that suggest that some of the mixing property differences seen between the various techniques 




 in the garnet structure introduced during 
crystallization or recrystallization.  
 
1.2 Thermo-compressions of Pyrope-Grossular Garnet 
Aluminosilicate garnet solid solutions between end-members pyrope (Mg3Al2Si3O12), 
grossular (Ca3Al2Si3O12), almandite (Fe3Al2Si3O12), and spessartite (Mn3Al2Si3O12) are stable 
over a wide pressure and temperature domain and compatibility with a range of phases like mica, 
pyroxene, and olivine etc., which makes them important candidates for geothermal barometers to 
constrain a rock’s P-T-t history.  
The mixing volumes and enthalpies of solution of several synthetic and natural garnets on the 
join pyrope-grossular at ambient condition have been determined experimentally (Newton et al., 
1977; Geiger et al., 1987; Bosenick et al. 1995, 1996 and 1997; Geiger and Feenstra, 1997). 
These previous studies all agreed that garnet solid solutions on the join pyrope-grossular show 
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positive excess mixing volumes, although there is some uncertainty regarding the mixing models 
they proposed. Bosenick and Geiger （1997）have reported a powder X-ray diffraction result on 
the thermal expansion of end-member pyrope and grossular at low temperature. There exist few 
data, however, on the thermal expansion of pyrope-grossular solid solutions with intermediate 
compositions. Also, little is known about the high temperature and high pressure evolution of 
garnet thermodynamic excess properties, for example how the excess volume on the pyrope-
grossular join will change with pressure and temperature. Therefore, new experimental data of 
garnet solid solutions provided by new measurements under high temperature and high pressure 
are in great need to test and constrain the mixing models of pyrope-grossular garnets and 
therefore to improve existing thermobarometers. 
Garnets are a major phase in garnet peridotites and eclogites. Their volume fractions in the 
Earth’s mantle models such as pyrolite and piclogite increase from ~15% and ~22% respectively 
to more than 40% in the transition zone (410-660km) (Irifune and Ringwood, 1987; Duffy and 
Anderson, 1989), and from ~25% to about 70% for basaltic and eclogitic compositional models 
(Irifune and Ringwood, 1987 and 1993). The knowledge about the effect of compositional 
changes on elastic properties of garnet is thus essential to interpret the regional lateral variations 
in seismic velocity imaged by seismic tomography, and the geodynamic studies of the 
continental lithosphere in terms of thermal and chemical properties.  
Least squares techniques might be enough to invert the elastic properties of natural solid 
solution samples for those of end-member garnets, if those elastic properties were strictly linear 
in compositional dependence. Many measurements of the elastic properties of garnet end-
members have been made (Hazen and Finger, 1978; Bass, 1986; O'Neill et al., 1989; Olijnyk et 
al.,1991; Gillet et al.,1992; Zhang et al., 1998; Conrad et al., 1999; Zhang et al., 1999). Trends of 
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the single crystal elastic moduli as a function of composition were observed between the pyrope-
almandine-spessartine garnets (Babuska et al., 1978), however, deviation of the elastic properties 
from ideal linear mixing was reported for garnets on the join grossular-andradite (Bass, 1986). 
The common assumption that the adiabatic bulk modulus of garnet is linearly dependent upon 
the substitution of divalent cations Fe, Mg, Ca, and Mn was challenged.  
The large size difference between divalent Mg and Ca may be the key reason for the non-
ideal mixing properties of pyrope-grossular garnet solid solutions. However, the changes in the 




 in garnet structure at upper 
mantle conditions are not well constrained. Therefore we did empirical measurements of volume 
changes of garnet solid solution with intermediate compositions at pressure up to ~10 GPa. 
We present the unit cell parameter of garnet solid solutions on the join pyrope-grossular at 
high temperature (~600°C) and high pressure (~10GPa), calculate the thermal expansion 
coefficients and bulk moduli of these synthesized garnet solid solutions, and compare the 
calculated results of end-member with those reported by previous studies. We hope these new 
data about pyrope-grossular garnets can extend our understanding of the crystal elasticity of 
garnet to high pressure and high temperature. 
 
1.3 Exsolution in Pyrope-Grossular Garnet 
Most of the former investigations focus on the dependence of mixing volume and heat 




) on the 
thermodynamic mixing properties of garnet solid solutions (Newton and Wood, 1980; Geiger et 
al., 1987; Bosenick et al. 1995, 1996 and 1997; Geiger and Feenstra, 1997). Although many 
studies have been performed on structural and crystal-chemical properties of pyrope-grossular 
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garnet and their result gave some indication of stability, these criteria alone are not sufficient to 
make any statements regarding the thermodynamic stability of a phase in nature. The solvus for 
the pyrope-grossular join was calculated based on the measured thermal mixing properties 
(Haselton and Newton, 1980; Ganguly et al., 1996; Dachs and Geiger, 2006). However, different 
thermodynamic models calculated based on different mixing volume, mixing entropy and 
enthalpy do not agree well with each other, for example, at 4GPa, the difference between the 
calculated critical temperature from Ganguly et al.’s modeling result is ~640 °C, about 400°C 
lower than those calculated by Haselton and Newton (Figure 1.1).  In addition, the compositions 
of coexisting garnet pairs also vary between different thermodynamic modeling results and no 
results can explain the garnet exsolution found by Cressey in metagabbro from South Harris 
(Cressey, 1978). The metagabbro has been metamorphosed in granulite facies condition, 1.0-1.3 
GPa and 800-860℃ . This temperature and pressure condition did not agree with former 
modeling results on pyrope-grossular solvi. For example, at this pressure, exsolution should only 
occur below 650℃ in Ganguly’s model and below 600℃ in Haselton and Newton’s model 
(Figure 1.1). Our new experimental results show that such high temperature exsolution is indeed 
possible. 
As will be discussed in chapter 2, the large excess volumes we measured from MA-
synthesized garnets imply that the critical temperature of pyrope-grossular garnet solvus 
increases about 2.5 times faster with pressure than previous modeling result based on smaller 
volume excesses. And we expect the solvus of pyrope-grossular garnet to become experimentally 
accessible in temperature at high pressures, perhaps less than 10 GPa, unlike the expectations 
derived from the much smaller excess volumes of hydrothermally grown garnets. Therefore, high 
pressure and high temperature experimental investigations of the P-T range where garnet is 
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unstable against exsolution will constrain mixing parameters of entropy, enthalpy and volume 
along pyrope-grossular join, will make a better deduction of solvus position on a T-X phase 
diagram possible, and will determine a more accurate geothermobarometer.  
In chapter 4, we present high pressure experiments showing the relation of composition (X) 
and temperature (T) of coexisting pyrope-grossular solid solutions at pressures of 6GPa and 
8GPa.  
 
Figure 1.1 Phase diagram T-X for pyrope-grossular garnet from literature studies. All three 
modeling results show that critical temperature of garnet solvi increase with pressure, but large 
differences exist. For example there is as large as a 400°C difference in consolute temperature of 
garnet solvi at 4 GPa from these three modeling results. And one coexisting garnet pair with 
composition (~(PyAl)80Gr20 and ~(PyAl)64Gr36) (projection from three components combination 







Chapter 2 Excess Volumes of Pyrope-Grossular Garnet Solid Solution 
 
2.1 Experimental Procedure 
2.1.1Preparation of Glasses 
Garnet glass was prepared by melting a finely ground mixture of CaCO3, MgO, Al2O3, and 
SiO2 powders. The magnesia, alumina, and silica were rigorously dehydrated shortly before 
weighing into the mix. The mixed powders were heated slowly to 1000°C for several hours in a 
covered Pt crucible to decarbonate the CaCO3. After heating to 1500-1600°C for several hours, 
the garnet glasses were cooled rapidly by quenching the Pt crucible in water. The glasses of the 
six solid solution compositions (Pyrope, Py80Gr20, Py60Gr40, Py40Gr60, Py20Gr80, and Grossular) 
were checked by using both microprobe and optical methods. The compositions of these six 
glasses agree very well with the starting initial proportion of oxides (Table 2.1).   
 
Table 2.1 Microprobe analyses of average composition of starting glass and some MA synthesis 




Analyses MgO CaO SiO2 Al2O3 Sum Ca/(Ca+Mg) 
Pyrope 10 31.40 0.04 44.31 25.10 100.85 0 
Py80Gr20 (glass) 10 23.22 8.40 44.00 24.63 100.26 0.206 
Py80Gr20 (crystal) 10 23.04 8.54 45.26 24.08 100.91 0.210 
Py60Gr40 10 17.74 16.66 41.95 23.93 100.27 0.403 
Py40Gr60 10 11.69 24.21 40.78 23.61 100.29 0.598 
Py20Gr80(glass) 10 5.56 31.64 40.19 22.26 99.66 0.804 
Py20Gr80 (crystal) 10 5.60 32.05 40.08 22.85 100.58 0.805 
Grossular 10 0.01 37.76 39.13 22.31 99.22 1 
 
2.1.2 Synthesis of Garnet Crystals 
The set of garnets studied here were synthesized anhydrously from homogeneous glass 
starting materials in a Multi Anvil (MA) device at Lamont Doherty Earth Observatory (LDEO). 
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Glasses with six different composition were finely ground, tightly packed into the cylindrical 
cavity on one side of an S (Pt10Rh) thermocouple that bisected the length of a 3 mm inner 
diameter LaCrO3 furnace tube within a 8 mm truncated edge length octahedral pressure medium. 
The cavity on the other side of the thermocouple was filled with MgO (Figure 2.1). After this 
loading, the assembly of anvils was inserted between the driving wedges of an octahedral/cubic 
multi-anvil pressure-temperature device at LDEO (Figure 2.2) and pressurized. In order to avoid 
the crystallization of clinopyroxene, garnets were synthesized at ~6GPa and ~1400°C with only a 
few seconds residence in the 700-1100°C temperature interval during heating. Clinopyroxene 
was observed to crystallize at or below 1100°C during in situ XRD observations of the 
crystallization process in the MA on Station 16.4 of the Daresbury, UK Synchrotron Radiation 
Source (using graphite heaters instead of LaCrO3). At Daresbury, XRD spectra were observed 
during real time crystallization with a compound 3-element energy dispersive detection system 
recording at 3 separate angles from the transmitted beam through the Daresbury horizontal MA. 
The Daresbury 16.4 facility is described by Clark (1996) and the calibration procedures used 
described by Walker et al. (2000, 2002) and Johnson et al. (2001). Refresh rates on the energy 
dispersive detector system were approximately every 10 seconds. When garnet crystallization is 
observed in situ in the MA environment at 5-6 GPa and temperature ~1200°C, the conversion of 
glass to garnet takes place in less than 1 minute. The garnets so produced are phase-clean of 
clinopyroxene if the heating cycle has avoided lingering in the 700-1100°C interval. Longer 
processing times at 1200°C contribute to annealing rather than to synthesis. Garnets synthesized 
in MA at LDEO were typically heated for about ½ hours. Garnet cell volumes measured in 
garnets grown this way in MA were reproducible. Only garnet peaks were observed in XRD 
spectra of crystal samples synthesized at LDEO. The relative sharpness of the XRD peaks 
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implies that no large component of the garnets’ grain size is nanocrystalline. SEM pictures 
showed that some of the garnets have grain size about 5µm (Figure 2.3). 
We also synthesized garnet from glass directly at the Advanced Light Source, Lawrence 
Berkeley National Lab, in a DAC (Diamond Anvil Cell) by laser heating finely powdered glass 
mixed with 5% Pt powder laser energy absorber and compressed to at least 5-15 GPa. This 
crystallization occurs in seconds or less. Cell volumes measured for pyrope and grossular 
produced this way agree well with the cell volumes measured for either MA or hydrothermally-
grown PC grossular and pyrope (Table 2.2). However the intermediate grossular-pyrope DAC 
garnets have roughly a factor of 2 larger (and more symmetrical) excess volumes than their MA 
analogs. Significant peak broadening of these DAC-grown garnets’ XRD spectra was observed, 
possibly related to their small, but not directly observed, grain size. 
 














Grossular  11.8535±0.0008 
Du et al., 2011  
Pyrope 11.45821±0.0025 
Multi Anvil 1400 6 
Grossular  11.8457±0.0032 




Grossular  11.849±0.001 
Newton et al., 1977 
Pyrope 11.457±0.001 
1350-1400 4-4.2 
Grossular  11.8515±0.0002 
Ganguly et al., 1993 
Pyrope 11.4566±0.0002 
1200 2 Grossular  11.8510±0.0005 Bosenick and Geiger, 






Figure 2.1 Drawing showing experimental setup of octahedral assembly with LaCrO3 heater used 
to synthesize garnet crystal in Multi Anvil Device. As shown in figure b, we use Pt/Re capsule to 




Figure 2.2 Multi Anvil device (TT) at LDEO. 
 
Figure 2.3 Garnets with grain size about 5µm under SEM. 
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2.1.3 X-ray Diffraction 
(1) Unit cell parameter of garnets synthesized at LDEO were measured at ALS (Advanced 
Light Source at Lawrence Berkeley National Lab) on station 12.2.2 (Figure 2.4) at room 
temperature and pressure, in angular dispersive mode with MAR345® image plates as detectors. 
Garnet chunks were loaded in the ~120 µm diameter hole of a 60µm thick steel gasket with the 
thrust axis parallel to the incident X-ray beam. The diffraction images were obtained with 
λ=0.48593Å converted from energy 25.51511keV, and the distance between sample and the 
detector was determined for each run to be ~440m through collection of a standard LaB6 
diffraction pattern. The X-ray diffraction patterns were collected from 5° to 30° 2θ. FIT2D 
software package was used to integrate the two dimensional diffraction rings into one-
dimensional diffraction patterns (Hammersley et al., 1996). XFIT (Cheary and Coelho, 1996) 
and REFCEL (Cockcroft and Barnes, 1997) were used to extract the unit cell parameters through 
profile fitting analysis, which determines the unit cell parameter from least squares analysis of 
the fitting positions of the peaks. 
(2) To resolve the discrepancies between the previous study’s Piston Cylinder (PC) results 
and ours from Multi Anvil (MA) and Diamond Anvil Cell (DAC), we performed further MA 
experiment to synthesize garnets at different P-T-t condition at LDEO. Unit cell parameters of 
these garnets were determined by X-ray diffraction measurement using CuΚα radiation 
(λ=1.540592 Å) on a RIGAKU DMAX/Rapid (46 mV and 40 mA) microdiffraction unit with a 
curved image plate sensor at the American Museum of Natural History (AMNH). The 
diffractometer operates with a small (about 200 μm) rotating sample in transmission geometry 
mode. Comparison with ALS result shows that particle size smaller than 200 μm is necessary to 
quantify an accurate XRD refined unit cell parameter, because AMNH XRD patterns show large 
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difference among garnet particles with different sizes from the same synthesis experiment since 
the effective distance between sample and detector changes if particle size is too big. The XRD 
diffraction pattern was collected from 10 to 145
o 
2θ using 0.02 2θ increments. AreaMax software 
(Rigaku/MSC Inc., 2004) was used to integrate the two dimension diffraction rings into one-
dimensional diffraction patterns and MDI Jade 7.0 software (MDI Inc., 2004) was used to extract 
all the unit cell parameters of these garnets synthesized at different P-T-t conditions. Silicon 
powder was used as an external standard to correct the unit cell parameter measured after each 
synthesis, which gives a 0.002 Å variation on all the measured unit cell parameters, larger than 
the standard error from least-squares fitting procedure, but still smaller than the corresponding 1% 
uncertainty in the garnet composition determined by fitting the cell parameter to known curves of 




Figure 2.4 Station 12.2.2 at Advanced Light Source at Lawrence Berkeley National Lab 
 
2.2 Result and Data Analysis 
2.2.1 Excess Volume 
The volume-composition behavior in pyrope-grossular garnet solid solutions has been 
studied a number of times. However, different investigations are not in good agreement with 
each other. Previous studies by Newton et al. (1977) showed that the excess volumes (Vex = unit 
cell volume difference between that measured and that calculated from the proportional 
combination of the end-members) of the pyrope-grossular garnet series has a maximum excess 
volume of ~4.5 Å
3
/cell, an asymmetry skewed toward pyrope, and intricate variation centered on 
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Py90Gr10 giving locally negative excess volumes (Figure 6). Ganguly et al. (1993) found no 
regions of negative excess volumes along the pyrope-grossular binary and concluded that the 
greatest deviations from ideality were located in grossular-rich compositions. We have, therefore, 
measured the excess volumes of garnets synthesized by multi-anvil device, between the pyrope 
and grossular end members.  
The unit cell dimensions and molar volumes of the pyrope-grossular garnets and the 
calculated excess volumes at room temperatures and pressure are summarized in Table 2.3. It is 
clear that the new garnets synthesized at LDEO by multi-anvil show positive excess volumes 
along the whole pyrope-grossular garnet series (Figure 2.5), and excess volume on this join is 
much greater than for garnets from piston/cylinder syntheses (Newton et al., 1977; Ganguly et al., 
1993) (Figure 2.6). The excess volume pattern at room temperature is asymmetric, with larger 
values in grossular-rich garnets. Intermediate garnets show excess volumes approaching 12.7 
Å
3
/cell, which are ~3 times those previously reported. 
 
Table 2.3 The excess volume of pyrope-grossular garnet synthesized from glass in MA (6GPa, 
~1400 ºC) 
 









Pyrope 11.4584 0.0014 1504.4 0.5 0 
Py80Gr20 11.5483 0.0004 1540.1 0.2 3.6 
Py60Gr30 11.6446 0.0021 1579.0 0.9 10.3 
Py40Gr60 11.7288 0.0005 1613.5 0.2 12.7 
Py20Gr80 11.7902 0.0003 1638.9 0.1 6.0 





Figure 2.5 Unit cell volume variations with composition along pyrope-grossular garnet join. 
Straight line between the two end members are for ideal mixing and excess volume is the 
difference between the measured value and the ideal mixing. 
 
 
Figure 2.6 Excess volumes of the pyrope-grossular garnet solid solution. Positive excess volumes 
were determined across the whole pyrope-grossular join. The excess volume values of garnets 
synthesized by using multi-anvil (MA) techniques at LDEO (red circles) are greater than 
reported by Newton et al. (1977), based on piston cylinder experiments (yellow triangles) and 
close to unpublished data acquired for garnet synthesized in multi-anvil experiments in 
Daresbury Laboratory (DL) (purple dots). The excess volume of garnet synthesized in diamond 
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A two-parameter Margules equation (shown below) was used here to fit the volume values of 
garnet: 
, 0 0( ) ( )
pyrope grossular





grossularV  are the cell volumes of the compositional end-members at the P-T of 
interest. 
pyropeX  and grossularX are the mole fractions of the respective components of the garnets. 
VgrossularW and VpyropeW  are the excess volume parameters in the Margules formulation. Hence, 
excess volume can be expressed by the equation:  
,( ) ( )excessP T pyrope grossular pyrope Vgrossular grossular VpyropeV X X X X W X W         (2) 
In the study of Ganguly et al. (1993), a slightly positive excess volume of mixing was found, 
which is also skewed toward the grossular end with Margules parameter values of V
pyropeW = 
1.730.3 cm3/mol, V
grossularW = 0.360.23 cm
3
/mol. Very similar volumetric behavior was reported 
by Bosenick and Geiger (1997), who also fitted their XRD data with a two parameter Margules 
equation, giving V





/mol. At ambient 
temperature and pressure, fitting a Margules equation gives V




2.00.1 cm3/mol for our MA synthesized garnets (Figure 2.7) showing that the excess volume of 
our new multi-anvil synthesized garnets have the same sense of asymmetry as those previous 




Figure 2.7 Margules Equation fitted to excess volume of garnet on pyrope-grossular join. 
 
2.2.2 Theories for Garnet Volume Variations 
(1) General Considerations and Numerical Modeling 
Garnet has a general formular X3Y2(ZO4)3 and for pyrope-grossular garnets the X 




), which stay in the framework 
formed by Y site Al
3+
 octahedra sharing corners with Z site [SiO4]
4−
 tetrahedra (Figure 2.8). 
Garnet solid solution between end members is formed by substitution of Mg/Ca cations. The 
biggest polyhedra (Mg/Ca dodecahedra) in the garnet cell contribute about one third to the cell 
volume. The excess volume of garnet on the pyrope-grossular join is sensitive to composition, 
which implies that the large size mismatch between divalent Mg
2+
 (0.89 Å) and Ca
2+
 (1.12 Å) is 































Figure 2.8 The three different polyhedral in garnet structure: Si-tetrahedron, Al-octahedron, and 
Mg/Ca dodecahedron. Si-tetrahedral share corners with Al-octahedral to form a three-
dimensional framework and the divalent cations (Mg,Ca) occupy the dodecahedra position. Each 
Si-tetrahedron shares edges with two dodecahedra. In order to decrease the repulsive interaction 
between the Mg/Ca and Si cations across the shared edges, Si tetrahedral angle varies by some 
degrees. 
 
Ungaretti et al. (1995) suggested that the differences in bonding between Mg-O and Ca-O in 




 were important in influencing unit 
cell edge. They predicated a symmetric excess volume pattern on pyrope-grossular garnet only 
based on the distortion of the three different polyhedra in controlling the unit cell volume, which 
was calculated from the different bonding distance caused by Mg/Ca substitution along the 
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pyrope-grossular join (Figure 2.9a1 and 2.9a2). The calculated excess volume of XO8 polyhedra 
caused by the increasing substitution of Ca in garnet structure can provide a maximum ΔV of 
mixing of ~7.5 Å
3
/cell along the pyrope-grossular join (Ungaretti et al., 1995), larger than 
~4.5Å
3
/cell from previous experiment results (Newton et al., 1977 and Ganguly et al., 1993), but 
still smaller than that from our MA synthesized pyrope-grossular garnet.  
(2) “Forbidden Region” 
Newton and Wood (1980), following Iiyama’s “excluded volume” principle (Iiyama, 1974), 
suggested that substitution of larger Ca
2+
 cation into a pyrope-rich garnet structure behaves like 
an odd-sized trace-element substitution, and the larger Ca
2+
 cation deforms its surrounding 
structure and creates a “forbidden region” for another Ca2+ to enter its immediate neighborhood. 
Until the garnet structure becomes saturated with Ca
2+
 cation, where they are close enough to 
interact substantially, the garnet structure as a whole does not undergo much expansion, 
potentially causing negative excess volumes in the pyrope-rich region of the solution. For 
grossular-rich garnets, the large grossular structure will be kept and small mole fractions of Mg
2+
 
substitution has only small effect on the molar volume of garnet solid solution. This “forbidden 
theory” is good to explain the asymmetric pattern of excess volume data on pyrope-grossular join 
(Figure 2.9b1 and 2.9b2), although none of the studies of mixing properties after Newton and 
Wood (1980) show negative excess volume on the pyrope-grossular join (Figure 2.6). 
Geiger and Feenstra (1997) on the other hand used a crystal-chemical model with the rigid 
SiO4-tetrahedral rotation influenced by the size of the X site cation and O-O repulsion (Figure 
2.8) to explain the asymmetric excess volumes pattern of the garnet solid solution, and they 
proposed that the tetrahedral rotation angle calculated from O atom coordinates along the join 
pyrope-grossular also displays an analogous asymmetric trend to that of excess volume in figure 
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9b2 but without any negative excess volume.  
 
Figure 2.9 Sketches for possible reasons causing positive excess volumes on pyrope-grossular 
garnet join. The excess volume values on all figures are schematic to give a sense of how 






(3) Order/Disorder of Mg/Ca 
Besides the “forbidden theory” and Si-tetrahedron rotation, some short range order/disorder 
of Ca/Mg may also contribute to the interesting systematic excess volume phenomena on the 
pyrope-grossular garnet solutions. Short range ordering of divalent cations in garnet structure 




 then changes the garnet structure state, 
corresponding to a relatively smaller unit cell parameter (Figure 2.9c1 and 2.9c2), which then 
could partially explain the difference between large excess volume on pyrope-grossular garnet 
synthesized in MA and DAC (Figure 2.6), if we agreed with Bosenick et al.’s further deduction 
that a more random cation distribution corresponds to a higher synthesis temperature (Bosenick 
et al., 1999). 
Short range order/disorder of Mg-Ca in pyrope-grossular solid solution structure was 
confirmed by 
29
Si MAS NMR spectroscopy investigation on garnets synthesized at different 
temperatures (Bosenick et al., 1995 and 1999).  
29
Si MAS NMR spectroscopy study showed that 
NMR spectra of garnet with a composition between 0.15~XCa~0.75 shows obvious deviations 
from a random mixing model. However, there is no short range ordering of Ca/Mg cations in 
garnet with composition close to the two end members: pyrope and grossular (Bosenick et al., 
1995), which is inconsistent with Newton and Wood’s “forbidden regions” rule. Bosenick et al. 
argued that partial ordering of divalent cations happens during the quenching process. But they 
believe that changes occur preferentially at the Mg-rich end where diffusion of Mg is faster than 
Ca. Ordering of Mg/Ca in garnet structure will be better preserved with more Ca substitution, 
because the changes in the ordering state to disordered with larger volume will be hindered by 
the slower diffusion of Ca cation. For more Ca rich garnet, it is more likely that their ordering 
status will be preserved during quenching. Thus the disorder of high T garnets is better preserved 
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at the Ca end than the Mg end of the series, giving the characteristic asymmetry to the excess 
volume. 
Pyrope-grossular garnets from our new multi anvil (MA) synthesis, most of those 
synthesized in piston cylinder (PC) from literature studies, and garnets synthesized in diamond 
anvil cell (DAC) by laser heating all show positive non-ideal mixing volume. We seek to 
understand the reasons for the differences among these excess volume values.  Garnets 
synthesized from these three different synthesis techniques (PC, MA, DAC) show the following 
systematic difference: 
A/ excess volumes increase (Figure 2.6); 
B/ symmetry of excess volume pattern increases (Figure 2.6); 
C/ temperature and pressure of synthesis increases (~4 GPa/1200°C, 6 GPa/1400°C, and 
10-15 GPa/2000°C); 
 D/ duration of synthesis decreases (hours, minutes, and seconds) 
These different experimental P-T-t conditions among Piston Cylinder, Multi Anvil, and 
Diamond Anvil Cell should be the key reason for the different excess volume data attained from 
different research groups. 
The excess volumes are not just about pressure and temperature of synthesis, because we get 
back that same V0 at pressure and temperature for endmembers no matter whether PC, MA, or 
DAC, the pressure and temperature response of the endmembers elastically recovers to whatever 
grossular and pyrope ought to be. It is our presumption that intermediates ought to also be able to 
elastically recover the intrinsic P-T effects for that we have the support of the alpha and beta 




In order to test short range Ca/Mg order/disorder assumption, perhaps to find out what could 
be the possible reason for these differences, a series of MA experiments were done at different P-
T-t conditions. The largest difference in excess volume data on the pyrope-grossular join was 
close to Py40Gr60, so we choose this specific solid solution composition as the starting material 
for this series of experiments. Garnets were synthesized from glass in multi-anvil device at 
LDEO, using a synthesis process in MA similar to those described above. To be very sure to get 
pure garnet crystals, a Pt capsule was used to wrap finely ground garnet glass, and this Pt capsule 
was then put into an Al2O3 tube before packing into the cylindrical cavity of a 3 mm inner 
diameter LaCrO3 heater (Figure 2.1b). Garnet crystals were synthesized in MA by using the 
same batch of glass (Py40Gr60) at 6GPa, but with longer heating time at 1100, 1200, and 1400°C 
(Table 2.4); garnet synthesized at lower temperature (1200°C) was reheated to a much higher 
temperature(1600 and 1700°C); and we also lengthened the quenching time of one MA synthesis 
process. Garnet (Py40Gr60) synthesized at 1400°C/ 6GPa/0.5hour (experiment TT721, 
a=11.7200±0.0004 Å) was used as a standard to which to compare our various results. 









Table 2.4 Unit cell parameters of garnet crystals with a composition (Py40Gr60) synthesized at 
different P-T-t conditions 











1400 0.5 a=11.7200±0.0004  
as a comparison standard 
value for unit cell 






1400 0.5 a=11.7200±0.0025 
longer quenching time 
ten minutes was set to cool 





1400 0.5 a=11.7246±0.0012 
heated at 1200°C  
for 1 day, 
end with a blow up  














1200 48 a= 11.7120±0.0011 garnet 
GG1006 Garnet(TT721) 1400 48 a=11.7201±0.0017 garnet 
BB1007 big glass chunck  1200 48 a= 11.7144±0.0008 garnet 
GG1008 Garnet(GG1005) 1700 0.2 a=11.7199±0.0019 garnet 
 
To test the assumption that ordering of Ca-Mg and loss of excess volume happened during 
quenching, we did one synthesis experiment (GG999) with slow quenching. After heating garnet 
glass (Py40Gr60) in MA device at 1400 °C and 6GPa for half an hour, we set up a program to cool 
it from 1400 to 1000°C in 15 minutes, much slower than the quenching time in experiment 
TT721, which was quenched by switching off power, taking only a few seconds to drop 
temperature from 1400 to ~100 °C after crystallization and initial annealing at 1400 °C. XRD 
showed no difference between the unit cell volume of this garnet and product of TT721.  
Therefore, longer quenching time does not help to change cation ordering status in garnet 
structure. If there is any divalent cation ordering captured in garnet structure, it happens during 
crystallization or later annealing, but not quenching. 
26 
 
The larger unit cell parameters of garnet crystals synthesized at or above 2000°C in DAC 
than those synthesized at 1400°C in MA make more sense if we assumed that larger unit cell 
parameter corresponds to a more disordered distribution of divalent cations in garnet structures 
synthesized at higher temperature. So the next question is what will happen if we reheat garnet 
crystals that contain more disordering (those synthesized at higher temperature) at a lower 
temperature. Will more ordering happen during this lower temperature heating? GG1000 is the 
experiment designed to answer this question. After garnet glass was heated at 1400°C/ 6GPa for 
half an hour to synthesize crystalline garnet, the experimental temperature was then lowered to 
and kept at 1200°C. In order to capture as much ordering as possible, this experiment was set up 
to be heated at 1200°C for 48 hours. However, experiment GG1000 failed with a blow out after 
24 hours heating. XRD measurement result shows that unit cell parameter of garnet product of 
GG1000 is a=11.7246±0.0012 Å, larger than the “standard value” 11.72 Å. The reason for the 
failure of this experiment is that temperature control failed and experimental temperature shot 
too high during the long-term heating. Such loss of temperature control to the high side was 
proved by the melting of the Pt capsule used to isolate garnet glass from potential contamination 
by LaCrO3 heater. Melting temperature of Pt at 6GPa is about 1950°C, so we believe there was a 
temperature excursion to as high as 1950°C.  Although we don’t know the exact temperature of 
experiment GG1000, it still implies that garnet that was heated at higher temperature has a larger 
unit cell, which may correlate with a more random distribution of divalent cations. 
However, we find inconsistent supporting results for the converse that a lower synthesis 
temperature will cause a more ordered cation distribution, which will be proved if garnet 
synthesized at lower temperature had a smaller unit cell parameter. Garnet crystallized from 
glass after heating at 1100°C and 6GPa for 48 hours (GG1004) shows an anomalously larger unit 
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cell parameter (a=11.7331±0.0006 Å) compared to the “standard value” 11.72 Å . And garnet 
synthesized by heating glass Py40Gr60 at 1200°C and 6GPa (GG1005) for 48 hours shows a 
smaller unit cell volume (a=11.7120±0.0011 Å). Another experiment BB1007 was carried at the 
same P-T-t condition, and unit cell parameter measurement result (a=11.7144±0.0008 Å) agrees 
well with experiment GG1005. There seems no clear trend from 1100 to 1400 °C that higher 
synthesis temperature will cause a more disordered distribution of Ca/Mg and a larger cell size 
because our lowest synthesis temperature garnet showed a larger unit cell that for 1200 and 
1400 °C. 
Garnet product of experiment TT721 (1400°C/ 6GPa/0.5hour) was used as a starting material 
for experiment GG1006, but no large unit cell difference was observed after heating these garnet 
crystals at 1400°C/ 6GPa for 48 hours (a=11.7201±0.0017 Å). It seems that longer annealing 
time at high temperature doesn’t change much in the order/disorder distribution status of divalent 
cations. 
Before making the conclusion that the larger unit cell parameter of garnet synthesized at 
1100°C/ 6GPa/48hours and the smaller unit cell parameter of those synthesized at 1400 and 
1200°C/ 6GPa/48hours was caused by order/disorder of Ca/Mg cation in garnet structure, we put 
garnet products of experiment GG1005 (1200 °C) in Re capsule  and heat them to even higher 
temperature (1600°C and 1700°C) at 6GPa to observe whether any change happens to the partial 




 in garnet structure. Although, these two higher 
temperature experiments didn’t last longer than 10 minutes before the LaCrO3 heater failed, we 
did observe the unit cell parameter of garnet crystal (a=11.7199±0.0019 Å) increases to a value 
close to those synthesized at 1400°C/ 6GPa/0.5hour.  
Pyroxene peaks were found in experiment GG1003, which started from the same glass as all 
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the other experiments but was heated at 1100°C for only two hours. The existence of another 
mineral besides garnet will change the garnet’s composition from that of the bulk composition. 
Although we couldn’t get the precise composition of these garnet crystals as well as unit cell 
parameter for them because of interference from the clinopyroxene XRD pattern, we did find 
from this single experiment that 1100°C is the boundary temperature for garnet with a 
composition Py40Gr60 to crystallize at 6GPa. To get clear garnet crystals at this temperature, 
longer heating time is necessary (e.g. GG1004 heated for 48 hours at 1100 °C has no 
clinopyroxene). 
XRD refinement of MA synthesized garnet at different P-T-t condition shows that unit cell 
parameter increases up to 0.01 Å among garnet crystals with the same composition (Py40Gr60) 
synthesized at 1200,1400 and ~2000°C and 6GPa. This interesting change of unit cell volume 
can be explained by the certain degree of short range order, like that observed in garnet with 
composition close to pyrope end (Bosenick et al., 1999). A more random distribution of Ca/Mg 
in garnet structure, and larger cell volume, is correlated with higher synthesis temperature, or a 
higher heating temperature than garnet crystal’s synthesis temperature. Garnets on pyrope-
grossular join synthesized in DAC show much larger excess volume (Figure 2.5) because at 




 in X site goes to complete 
disorder. This order/disorder of divalent cation status captured during synthesis or subsequent 
heating can apparently be preserved during quenching.  
However, a garnet crystal synthesized from experiment GG1004 (1100°C/ 6GPa/48hours) 
shows larger unit cell parameter and it seems to contradict the above conclusion that higher 
synthesis temperature favors a more disordered structure. Considering that 1100°C was the 
boundary synthesis temperature for garnet Py40Gr60 at 6GPa, the order/disorder structure 
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captured in garnet product may come directly from glass. In other words, 1100°C is barely high 
enough for garnet to crystallize from glass, and it’s too low to change the structure status to the 
equilibrium amount of order, so the larger unit cell volume of these garnets may come from a 
more disordered structure inherited from the starting glass.  
(4) Other Ingredients and Phases. 
The incorporation of other elements affects the molar volume; for example the substitution of 
SiO4
4-
 tetrahedral by (O4H4)
4-
 in synthetic grossular garnets increases molar volumes 
substantially (Olijnyk et al., 1991). The presence of other minerals, grown from the bulk 
composition with the garnets (such as clinopyroxene or spinel) may also affect the excess 
volume relations. The measured molar volume of such garnets is not that of the garnet of the 
targeted bulk composition because the garnet composition has changed to accommodate the mass 
balance required by the other phase(s).  In this study, we did not find any minerals beside garnet, 
and microprobe analysis and microscope study showed that the compositions of the starting glass 
materials coincide with the initial proportion of oxides without other chemical elements (Table 
2.1). The unit cell parameters of the end members in our pyrope-grossular garnet series measured 
at P0 and ambient temperature agree well with literature values from Newton et al. (1977) and 
Wood (1988), the recent values of Zhang et al. (1999) (Table 2.2), which all suggests that we did 
not experience any systematic cell measurement problems and that all investigators were more or 
less successful in making phase-clean end members. The disagreements occur only for 
intermediate members of the pyrope-grossular series. 
Newton et al. (1977) and Ganguly et al. (1993) and (1996) actually found some 
clinopyroxene crystallized in some of their hydrothermally synthesized garnet samples. So we 
followed the similar hydrothermal seeded synthesis procedure as Newton et al. (1977). Garnet 
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glass powder with composition Py60Gr40 was sealed with approximately 10% distilled H2O in Pt 
capsule 2.4 mm in diameter and held at 3GPa and 1000 ºC for 5 hours in piston cylinder device. 
The 7% hydro seeded crystal was then put together with Py60Gr40 glasses in multi anvil device 
instead of piston cylinder. After heating rapidly to temperatures ~1300 ºC (above the 
clinopyroxene-crystallization threshold) and then holding for 3 hours (TT734) at 4 GPa, we got 
pure garnet crystals with a composition Py60Gr40 without any other minerals. Unit cell parameter 
of this hydrothermally synthesized garnet checked by XRD is 11.6291±0.0005 Å, which is 
slightly smaller than those anhydrously synthesized garnet (a=11.6426±0.0006 Å). The excess 
volume for this specific composition (Py60Gr40) calculated from the unit cell parameter of 
hydrothermally synthesized garnet dropped to 5.6341 Å
3
/cell, very close to those calculated by 
Newton et al. (1977) (Figure 2.2).  XRD results for garnet from another experiment (BB941), 
which started from the same hydrothermal seeded glass as experiment TT734, but heated for 
only 1 hour instead of heating for 3 hours, shows other minerals besides garnet and the unit cell 
parameter of these garnet crystals is a=11.6192±0.0001 Å, much smaller than 11.6426 Å.  
Results from experiment TT734 and BB941 suggest that water in the starting glass lowers the 
unit cell volume of synthesized garnet crystal. The smaller unit cell parameter from 





because hydrogarnet (Katoite [Ca3Al2(O4H4)3] ) has a much larger unit cell parameter (12.5695 
Å) than grossular (Olijnyk et al., 1991). We assume as a working hypothesis that the different 
unit cell parameters between hydrothermally synthesized garnet and that synthesized from dry 
glass may be related to order/disorder of Ca/Mg in garnet structure because order/disorder can 
influence unit cell size at a fixed composition and because there are few additional mechanisms 
at a fixed composition that can produce the effects seen. In principle Al/Si order/disorder could 
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influence garnet properties, but since all data for pyrope or grossular end members are in basic 
agreement, and because such Ca or Mg endmembers could have Al/Si order/disorder but show 
no volume effects, we presume Al/Si order/disorder is not involved. If we assumed partial 
Ca/Mg ordering can be captured in garnet structure during synthesis, and that ordering lowers 
garnet unit cell edge, the presence of minor undetectable amount of OH
-
 may facilitate the partial 
ordering. Ordering lowers the unit cell parameter from A to a relatively smaller value B in figure 
2.9d1. Garnet crystals from experiment BB941 have even smaller unit cell parameter because the 
existence of another phase like pyroxene changes the garnet to more pyrope-rich for fixed bulk 
composition, i.e. from A to C in figure 2.9d1. And excess volume will then be even smaller than 
those crystallized from dry glass (figure 2.9d2) for reasons of ordering and reasons of change of 
garnet composition from the targeted bulk composition. Both of these possible reasons for the 
smaller unit cell parameters of other investigators may explain some difference in excess volume 
between our MA synthesis garnets and those from literature PC synthesis garnets. Our syntheses 
are strictly anhydrous and produce no other phase to change the garnet composition. 
2.3 Garnet Solvus at High Pressure 
Even small scale but significant deviation from ideal mixing volume may be critical for 
calculation of high pressure phase equilibrium (Newton and Wood, 1980), so the larger excess 
volumes we observed here on the join of pyrope-grossular garnet should bring some changes to 
geothermal barometers with garnets.  
Equations for the dependence of critical mixing upon pressure given by Thompson (1967) 
can give us a rough estimate of how the solvus of pyrope-grossular garnet will change with 
pressure. The dependence of the temperature of the consolute point, Tc, on compositionally 
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           (3) 
Where Xc is the composition of the garnet solid solution at the consolute point, Wv is the 
excess volume parameter and WH is the excess enthalpy parameter，By assuming that the 
pyrope-grossular mixing properties WH is independent of pressure, and the composition of the 









So the three times larger Wv we calculated from our new MA garnets implied that the pressure 
dependence of the temperature of the consolute point should be three times larger than estimated 
from the small Wv of previous studies. For example, by increasing pressure to 4GPa, critical 
temperature of garnet solvus will increase ~100 ºC instead of ~30 ºC that was calculated by 
Ganguly and Cheng (1996) who used their relatively smaller excess volume data to estimate how 
solvi changes with pressure in a X-T phase diagram. The much larger excess volume data on 
pyrope-grossular garnet presented in this chapter implies that pyrope-grossular solvus will 
become experimentally accessible at high pressures less than 10 GPa, unlike modeling results 
from the expectations derived from the much smaller excess volumes of hydrothermally grown 














1. Garnet solid solutions on the join pyrope-grossular have large positive excess volumes. Large 




 is the key reason for the excess volume after 
substitution. Partial order/disorder distribution of Ca/Mg cations in garnet structure caused by 
their size mismatch may be the reason for this asymmetric pattern of excess volume. 
 
2. Two-parameter Margules equation fitted to these excess volume data at ambient P-T gives 
V
pyropeW = 4.30.1 cm
3
/mol, V
grossularW = 2.00.1 cm
3
/mol, much larger than previous studies. 
Different partial ordering structure caused by the different heating temperature in PC, MA, 
and DAC synthesis process maybe the reason for the different excess volume observed from 
garnets synthesized from these three methods.  
 
3. The minor amount of H2O in the starting glass and the clinopyroxene that coexists with the 
garnet product do help explain the smaller unit cell parameter of garnets synthesized 
hydrothermally. The ordering status of garnet structure or change of the garnet composition 
from the bulk composition contributes to the observed differences. 
 
4. The large excess volume we observed here along the pyrope-grossular join implies that the 
dependence of the garnet solvus on pressure is about 3 times larger than estimated from 
previous results and the solvus will become experimentally accessible under high pressures 
less than 10 GPa, unlike the case for the expectations derived from the much smaller excess 
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Chapter 3 Grossular-pyrope Garnet Solid Solution  
Thermo-compressions 
 
3.1 Experimental Procedures 
The same garnets synthesized for determination of molar and excess volumes in chapter 2 
were used for thermal expansion and compressibility measurements (refer to chapter 2 for the 
preparation of glass and method we used to synthesize garnet in MA). 
Unit cell parameter of garnet at high pressure and high temperature were measured at ALS 
(Advanced Light Source at Lawrence Berkeley National Lab) on station 12.2.2, in angular 
dispersive mode with MAR345® image plates as detectors. A diamond Anvil Cell (300 µm 
diameter culets; ~120 µm diameter hole in a 60µm thick steel gasket) with the thrust axis parallel 
to the incident X-ray beam was used to collect XRD data.  
Thermal expansion of garnets on the join pyrope-grossular at zero pressure was calculated 
based on the unit cell parameters measured at temperature between ~25 and ~600°C. NaCl 
powder was put in DAC together with garnet sample as a temperature calibration standard and 
binder for the garnet powder (Figure 3.1). DAC was uncompressed, and externally heated by a 
nichrome-wound resistance heater surrounding the axial region of a non-loaded, extended length, 
Invar seat for DAC diamonds that loosely held the customary DAC gasket in the beam line. 
Temperature changes were instituted by increasing the input power manually in steps of ~70°C. 
Temperature was monitored and feedback control effected through the use of  chromel-alumel 
(type K) thermocouple placed in contact with the DAC gasket as close to the sample as possible. 
Even so there was some concern that temperature gradients within the uncompressed DAC might 
lead to some difference between the thermocouple temperature and the sample temperature. In 
order to collect clear XRD patterns, exposure time was set up to be as long as 5 minutes and 
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temperature readings before and after XRD data collection were recorded. Although difference 
between them is not larger than 2°C, the average of them was taken as the thermocouple reading. 
The cell volume of NaCl at different temperatures with Birch-Murnaghan EOS (Equation of 
State) BE-2 (Birch, 1986) provide the reference for calculating garnet sample temperature; the 
calculated temperatures are believed to be accurate to ±2°C up to 600°C.  We note that with  the 
temperature of sample increasing, the difference between the observed temperature from 
thermocouple and those calculated from EOS of NaCl cannot be neglected, and at ~500°C, the 
temperature reading from thermocouple is about 20 °C higher than that calculated from EOS of 
NaCl (Figure 3.2). So our caution in including a temperature internal standard was not misplaced, 
further indicating that similar errors might occur when no internal standards for temperature are 
included in other studies. The diffraction patterns were collected from 5° to 30° 2θ. The 
diffraction images were obtained with λ=0.495936Å, and the distance between sample and the 





Figure 3.1 Diamond anvil cell used to measure how does the unit cell volume of garnet change 




Figure 3.2 Temperature difference between thermocouple reading and those calculated from 
EOS of NaCl increases with temperature of sample. 
 
 
During the compressibility measurements, the pressure on symmetrical DACs was increased 
by applying force with 4 drive screws that transfer this force onto the small area of the tips of 
two opposed diamond anvils. Garnet sample is placed inside a small hole, 0.1mm diameter, 
which is drilled in a thin metal foil produced by preindenting stainless steel sheet to roughly 70m 
thickness. This stainless steel gasket serves two purposes. It keeps the diamonds from crushing 
the crystal and it allows us to surround the crystal with a fluid pressure medium that provides 
hydrostatic conditions for the crystal (Figure 3.3). A 4:1 mixture by volume of methanol: ethanol 
was used as a liquid pressure medium to hydrostatically enclose the polycrystalline garnet. One 
or two ruby grains were put in the hole of the gasket to serve as a pressure calibration standard 
(Figure 3.3). Pressure determination was performed by measuring the ruby fluorescence shift 




























Temperature from Thermocouple (ºC) 
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data collection were almost equivalent to each other, the difference being as little as 0.2GPa, and 
the average value was taken as the pressure of the sample during the unit cell measurements. At 
each end of the pressurization process, the unit cell parameter at ambient conditions was 
measured for pressure of zero. The diffraction patterns were collected from 5° to 30° 2θ. The 
diffraction images were obtained with λ=0.48597Å, and the distance between sample and the 
detector was determined for each run to be ~376.6623mm through collection of a standard LaB6 
diffraction pattern. 
FIT2D software package was used to integrate the two dimension diffraction rings into one-
dimensional diffraction patterns (Hammersley et al., 1996). XFIT (Cheary and Coelho, 1996) 
and REFCEL (Cockcroft and Barnes, 1997) were used to extract the unit cell parameters through 
profile fitting analysis, which determines the unit cell parameter from least squares analysis of 




Figure 3.3 Diamond anvil cell used to measure unit cell volume of garnet under high pressure at 
room temperature at station 12.2.2 ALS. One or two ruby grains were used as pressure calibrants. 
 
 
3.2 Result and Data Analysis 
3.2.1 Thermal Expansion 
The volume changes with temperature of six garnet compositions are summarized in Table 
3.1 and Figure 3.4, which show that with increasing temperature, the volume of garnet on join 
pyrope-grossular increases systematically. There is no physical theory to adopt to describe how 
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the volume of garnet solution changes with temperature, and further there are no rules about 
what the thermal expansion coefficient – temperature relationship should be. They have to be 
described in an empirical way. We noticed that unit cell volume of garnet solid solution on the 
pyrope-grossular join increases systematically with temperature, and a second order polynomial 
equation is fitted very well to the measured volume values at different temperatures for each of 
these six garnet compositions (Figure 4). Thermal expansion coefficient, , for all six 











(thermal expansion coefficient is the derivative of volume with respect to temperature divided by 
volume at a specific temperature), where V0 is taken as V at specified temperature 25, 100, 200, 
300, 400, 500, and 600ºC calculated from the fitting V-T equations. For example, thermal 
expansion at 25ºC is simply the derivative with respect to temperature divided by V at 25ºC.  
 
Table 3.1 The volume changes with temperature between ~25 ºC and ~600 ºC 
composition T( ºC) a (Å) ±(Å) Vcell(Å 3) ±(Å 3) 
Pyrope(1) 22 11.4563 0.0010 1503.6 0.4 
 92 11.463 0.0013 1506.2 0.5 
 143 11.4694 0.0010 1508.8 0.4 
 188 11.4738 0.0010 1510.5 0.4 
 236 11.4777 0.0010 1512.0 0.4 
 283 11.4832 0.0013 1514.2 0.5 
 331 11.4891 0.0012 1516.6 0.5 
 398 11.4969 0.0015 1519.6 0.6 
 477 11.5084 0.0010 1524.2 0.4 
Pyrope(2) 23 11.4551 0.0010 1503.1 0.4 
 59 11.4599 0.0011 1505.0 0.4 
 117 11.4636 0.0014 1506.5 0.5 
 161 11.4696 0.0013 1508.8 0.5 
 207 11.4746 0.0013 1510.8 0.5 
 251 11.4801 0.0015 1512.0 0.6 
 301 11.4847 0.0012 1514.8 0.5 
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 364 11.4928 0.0012 1518.0 0.5 
 425 11.502 0.0012 1521.7 0.5 
 465 11.5065 0.0012 1523.5 0.5 
 512 11.5178 0.0023 1527.9 0.9 
 553 11.5121 0.0010 1525.7 0.3 
V= 2.01274333E-05T
2
 + 3.52973696E-02T + 1.50270031E+03 
Py80Gr20 27 11.5466 0.0004 1539.4 0.2 
 106 11.5549 0.0005 1542.8 0.2 
 177 11.5608 0.0004 1545.1 0.2 
 240 11.5673 0.0004 1547.7 0.2 
 307 11.5744 0.0005 1550.6 0.2 
 371 11.5816 0.0005 1553.5 0.2 
 427 11.5879 0.0004 1556.0 0.1 
 498 11.5954 0.0004 1559.0 0.2 
 564 11.6039 0.0011 1562.5 0.4 
V = 1.14605435E-05 T
2
 + 3.57331480E-02T + 1.53857224E+03 
Py60Gr40 23 11.643 0.0006 1578.3 0.3 
 85 11.6489 0.0006 1580.7 0.2 
 136 11.6531 0.0006 1582.4 0.3 
 185 11.6591 0.0006 1584.9 0.2 
 231 11.6637 0.0005 1586.7 0.2 
 286 11.6707 0.0004 1589.6 0.2 
 337 11.6755 0.0006 1591.6 0.2 
 382 11.6823 0.0007 1594.4 0.3 
 437 11.6869 0.0007 1596.2 0.3 
 477 11.6926 0.0006 1598.6 0.3 
 528 11.6960 0.0013 1600.0 0.5 
 570 11.7032 0.00054 1602.9 0.2 
V= 6.77032493E-06 T
2
 + 4.10034347E-02T + 1.57713224E+03 
Py40Gr60 37 11.7255 0.0006 1612.1 0.2 
 118 11.7332 0.0007 1615.3 0.3 
 185 11.7385 0.0006 1617.5 0.2 
 252 11.7477 0.0009 1621.3 0.4 
 315 11.7531 0.0011 1623.5 0.5 
 379 11.7589 0.0016 1625.9 0.7 
 443 11.7676 0.0015 1629.5 0.6 
 498 11.7722 0.0016 1631.5 0.7 
 559 11.7812 0.0014 1635.2 0.6 
V= 1.24114814E-05 T
2
 + 3.63127790E-02T + 1.61076144E+03 
Py20Gr80 38 11.7888 0.0006 1638.3 0.3 
 87 11.7935 0.0007 1640.3 0.3 
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 155 11.7993 0.0005 1642.8 0.2 
 233 11.8069 0.0007 1645.9 0.3 
 299 11.8144 0.0005 1649.0 0.2 
 367 11.8214 0.0007 1652.0 0.3 
 430 11.8274 0.0015 1654.5 0.6 
 491 11.8354 0.0007 1657.9 0.3 
 529 11.8414 0.0008 1660.4 0.3 
V = 2.30320747E-05 T
2
+ 3.11383616E-02T + 1.63733232E+03 
Grossular 23 11.8463 0.0010 1662.4 0.4 
 120 11.8551 0.0004 1666.1 0.2 
 173 11.8608 0.0006 1668.6 0.2 
 227 11.8666 0.0007 1671.0 0.3 
 273 11.8732 0.0006 1673.8 0.3 
 307 11.8768 0.0006 1675.3 0.2 
 311 11.8759 0.0006 1674.9 0.3 
 359 11.8833 0.0005 1678.1 0.2 
 404 11.8881 0.0005 1680.1 0.2 
 454 11.8922 0.0004 1681.8 0.2 
 494 11.8966 0.0009 1683.7 0.4 
 543 11.9015 0.0008 1685.8 0.3 
 587 11.9067 0.0010 1688.0 0.4 
 66 11.8508 0.0012 1664.3 0.5 
 26 11.8458 0.0009 1662.2 0.4 
V = 4.94042883E-07 T
2






Figure 3.4 Volume of garnet on pyrope-grossular changes with temperature from ~25 to ~600 ºC 
 
 
From the second order polynomial equations fitted to the volume and temperature data in 
Table 3.1 and Figure 3.4, we can get thermal expansion coefficients for six compositions on the 
join pyrope-grossular at temperatures between 25 and 600ºC, which are summarized in Table 3.2 
and Figure 3.5. Thermal expansion of garnet solid solution on join pyrope-grossular between 25 
to 600 ºC is a complex phenomenon. The coefficients of the quadratic term of these equations 
also give rough estimates of the temperature dependence of thermal expansion for different 
compositions. The thermal expansions of garnets on the join pyrope-grossular all increase with 
temperature except for grossular; however, no clear composition dependence is observed (Figure 























Volume of Pyrope-grossular Garnets  









Py40Gr60) (Figure 3.6) increase relatively slower with temperature than those of garnets with 
smaller excess volume (Py80Gr20, Py20Gr80) and thermal expansions of all garnets on this join 
except pyrope tend to one value ~3E-05 at 300 ºC. 
 
Table 3.2 Thermal expansion coefficients of pyrope-grossular garnets at different temperatures. 
Thermal expansion 
Composition Pyrope Py80Gr20 Py60Gr40 Py40Gr60 Py20Gr80 Grossular 
25 ºC 2.4145E-05 2.3584E-05 2.5424E-05 2.2916E-05 1.9712E-05 2.7487E-05 
± 4.6501E-09 2.0375E-09 1.1310E-08 4.6824E-09 2.8639E-09 5.1785E-09 
100 ºC 2.6103E-05 2.4656E-05 2.5886E-05 2.4029E-05 2.1787E-05 2.7475E-05 
± 5.0178E-09 2.1263E-09 1.1493E-08 4.9011E-09 3.1605E-09 5.1656E-09 
200 ºC 2.8697E-05 2.6076E-05 2.6498E-05 2.5503E-05 2.4537E-05 2.7459E-05 
± 5.5013E-09 2.2431E-09 1.1734E-08 5.1890E-09 3.5513E-09 5.1484E-09 
300 ºC 3.1268E-05 2.7484E-05 2.7105E-05 2.6966E-05 2.7268E-05 2.7443E-05 
± 5.9762E-09 2.3579E-09 1.1971E-08 5.4722E-09 3.9362E-09 5.1312E-09 
400 ºC 3.3814E-05 2.8881E-05 2.7707E-05 2.8417E-05 2.9976E-05 2.7426E-05 
± 6.4420E-09 2.4708E-09 1.2203E-08 5.7507E-09 4.3148E-09 5.1141E-09 
500 ºC 3.6335E-05 3.0266E-05 2.8304E-05 2.9855E-05 3.2659E-05 2.7410E-05 
± 6.8979E-09 2.5816E-09 1.2431E-08 6.0242E-09 4.6863E-09 5.0970E-09 
600 ºC 3.8828E-05 3.1638E-05 2.8896E-05 3.1280E-05 3.5316E-05 2.7393E-05 






Figure 3.5 Thermal expansion coefficients of garnet on the pyrope-grossular join changes with 





Figure 3.6 Positive excess volumes of garnets synthesized by using multi-anvil (MA) techniques 


























































Excess Volume of Pyrope-grossular Garnet 
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The change in thermal expansion with temperature is characterized by the coefficient of 
quadratic term X
2
 in the fitted functions in Table 3.1, which shows that the thermal expansion 
increases in the temperature range between 25 and ~600 ºC, and that the temperature dependence 
of thermal expansion of pyrope is much greater than that of grossular, which does not change 
much with increasing temperature. 
Bosenick and Geiger (1997) carried out an XRD study of pyrope-grossular garnets at T 
between 20 and 295K. By combining their own low temperature data and high temperature data 
from Skinner (1956), they concluded that the thermal expansion of pyrope is greater than that of 
grossular between 20 and 1000K, which is verified by our new high temperature data (Figure 
3.7). The unit cell parameters of the MA synthesized garnet end members measured at P0 and 
room temperature agree well with literature values from Skinner (1956) and Bosenick and 
Geiger (1997), which suggests that we did not experience any systematic cell measurement 
problems. However, because there’s no physical theory about temperature dependence of 
thermal expansion to follow, different groups may use different numerical equations to describe 
thermal expansion with respective to volume and temperature, and there will be some uncertainty 
on the calculated thermal expansion coefficient of garnet caused by these different methods. 
Therefore, one cannot simply put these data together to compare them without considering 








Figure 3.7 Thermal expansions of pyrope and grossular change with temperature from different 
studies: A second order polynomial equation is fitted to the measured volume values at different 










 , where V0 is taken as V at specified 
temperature from 20 to 900 K, calculated from the fitting V-T equations. Calculated result shows 
that our data and those from Skinner (1956) from ~300 to ~900K and those lower temperature 
data from Bosenick and Geiger（1997）together agree with the general conclusion that pyrope 



































































We take unit cell parameters of pyrope and grossular measured at temperature from ~10 to 
~750 ºC from Skinner’s 1956 paper and those at lower temperature to about -250 ºC from 
Bosenick and Geiger (1977), and calculated the thermal expansion coefficients of these two 
garnet end members by using the same equation we did for our own MA synthesized garnets. In 
our calculation, our MA synthesized pyrope shows larger thermal expansion than grossular, 
which is consistent with Skinner’s study (1956) (Figure 3.7). And the temperature dependence of 
thermal expansion of pyrope is much greater than that of grossular, which agrees with 
calculation result from Bosenick and Geiger’s low temperature measured result but contrast 
pyrope thermal expansion changes less than grossular with temperature in Skinner’s study 
(Figure 3.7). 
Comparison with Skinner’s study shows that the difference of the measured volume of garnet 
with the same composition increases with temperature (Figure 3.8). In our DAC experiments, 
temperature was monitored and feedback-controlled through the use of a K thermocouple placed 
in contact with the DAC gasket. But the absolute temperature we used to calculate thermal 
expansion was obtained indirectly from Birch-Murnaghan EOS (Birch, 1986) of NaCl, which 
was included in the gasket with garnet sample during the heating cycle. We also notice that by 
increasing temperature, the difference between temperature recorded by thermocouple and that 
calculated from EOS is getting larger and at ~600 ºC, the reading temperature from 
thermocouple is about ~25 ºC bigger than that calculated from EOS of NaCl (Figure 3.2). 
Skinner’s study used a different experimental configuration: the thermocouple alone was used to 
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get the temperature. He succeeded to hold thermocouple temperature constant to 1 at 400 ºC 
(Skinner, 1956). Although the thermocouple gives a more precise temperature reading, we 
believe that the temperature from an internal calibration standard is more accurate to describe the 
temperature of the garnet sample. We can document as much as a 30 ºC difference for our 
configuration. This sort of discrepancy between thermocouple and sample temperature may 








































Figure 3.8 Volume of end member of garnets changes with temperature. For both pyrope and 




Bosenick and Geiger (1997) proposed that the temperature dependence of the SiO4 
tetrahedral rotation was the reason for this interesting phenomenon. In pyrope-grossular 
((Mg,Ca)3Al2(SiO4)3) garnet structure, Ca/Mg cations take the dedecahedral X site, which stays 
in the framework formed by Y site Al
3+
 octahedra sharing corner with Z site [SiO4]
4−
 tetrahedra. 
In garnet structure, each ZO4 tetrahedron shares edges with two XO8 dodecahedra. In order to 
decrease the repulsive interaction between the X and Z cations across the shared edges, ZO4 































tetrahedral rotation angle varies largely, due to the smallest Mg
2+
 size and then the longest shared 
edges between Mg dodecahedral and Si tetrahedral. Actually, the degree of SiO4 tetrahedral 
rotation decreases with increasing the volume of the dodecahedral X site or with increasing 
temperature.  Thus Ca-rich garnet with large X sites experiences less tetrahedral rotation. Results 
from single-crystal X-ray refinement showed that the temperature dependence of the volume of 
the X site in pyrope is greater than that in grossular (Geiger and Armbruster, 1997). Therefore, 
the degree of tetrahedral rotation in pyrope increases faster with increasing temperature than in 
grossular. This is in agreement with our calculated result: thermal expansion coefficient of 
pyrope is bigger than that of grossular.  
Besides the degree of tetrahedral rotation, other changes of garnet structure caused by the 
substitution of Mg/Ca may also affect the thermal expansion. For example, the partial 
order/disorder of Mg-Ca in garnet structure, which changes with temperature and composition, 
also affects the X-O-Si bond distance in garnet structure and volume of the dodecahedral X site, 
and then the thermal expansion.  
The calculation of thermal expansion coefficient in this paper was based on the assumption 
that a quadratic equation is good enough to describe the unit cell volume of garnet crystal 
changes with temperature. This may not be the case if we get data on the unit cell parameter of 
garnet at temperatures higher than a thousand degrees; these thermal expansion coefficients 
would be really useful in obstaining a reasonable estimate for the unit cell volume at very high 
temperatures and how the mixing excess volume of garnet on pyrope-grossular join will change 
with temperature. For example, by using these thermal expansion coefficients, we can get the 
unit cell volume of garnet on pyrope-grossular join at high temperature as 600 ºC, and then 
calculate the excess mixing volume on this join, which is shown in Figure 3.9. Pyrope-grossular 
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solid solutions show large positive excess volume; this excess volume on pyrope-grossular join 
decreases with temperature, but still does not vanish even at temperature as high as 600 ºC. 
Unfortunately precision T control with external heating is currently only possible to the limits we 
reached. We must look forward in the future to either better precision in internal laser heating or 
more robust materials for external cell heating. 
In addition, at room temperature, the Margules equation was also used to fit the excess 
volumes of pyrope-grossular garnets at high temperature calculated by applying thermal 
expansion coefficients, which are also shown in figure 9. The resulting Margules fitting 
parameters at different temperature up to 600 ºC are summarized in Figure 3.10.  The two fitting 
parameters approach very close to each other at 300 ºC (Figure 3.5), which may correspond to 
the almost identical thermal expansion coefficient, but still the reason for this is curious 























































































































   
Figure 3.9 Two-parameter Margules equation is used to fit with excess volume of pyrope-























































































Figure 3.10 Fitting results of Margules equation parameters to excess volume of pyrope-
grossular garnet at different temperature. 
 
3.2.2 Compressibility 
Use of a hydrostatic pressure transmitting medium is one of the most important factors in 
high pressure experiments, because non-hydrostatic stress caused by freezing or crystallization of 
the pressure-transmitting medium at extreme pressures will affect elastic properties of the garnet 
samples, especially the bulk modulus. Therefore, we do not increase pressure higher than 10GPa, 
the freezing pressure of the 4:1 mixture by volume of the methanol: ethanol medium (Eggert et 
al., 1992).  
The volume changes with pressure of six garnet compositions are summarized in Table 3.3 
and Figure 3.11, which show that with increasing pressure, the volume of garnets on the join 



































calculated by fitting the third order Birch-Murnaghan EOS (Birch, 1986) to the measured P-V 
data at ambient temperature. 
 
Table 3.3 The volume of pyrope-grossular garnets changes with pressure up to ~10GPa 
 
Composition P(Gpa) a(Å) ±(Å) V(Å3) ±(Å3) 
Grossular 0.4 11.8423 0.0012 1660.7 0.5 
 0.8 11.8352 0.0012 1657.8 0.5 
 1.5 11.8174 0.0010 1650.3 0.4 
 2.5 11.7968 0.0010 1641.7 0.4 
 3.9 11.7662 0.0008 1628.9 0.3 
 4.5 11.751 0.0013 1622.7 0.5 
 5 11.7434 0.0012 1619.5 0.5 
 0 11.8571 0.0006 1667.0 0.3 
 1 11.8297 0.0017 1655.5 0.7 
 3.2 11.7726 0.0034 1631.6 1.4 
 4.3 11.756 0.0014 1624.9 0.6 
 6.1 11.7246 0.0013 1611.8 0.5 
 6.8 11.7171 0.0039 1608.7 1.6 
 7.8 11.6936 0.0011 1599.0 0.4 
 8.7 11.6780 0.0010 1592.6 0.4 
 0 11.8569 0.0012 1666.9 0.5 
 
Gr80Py20 1.4 11.7549 0.0011 1624.3 0.5 
 2.9 11.7188 0.0013 1609.4 0.5 
 4.7 11.6811 0.0012 1593.9 0.5 
 6.4 11.6467 0.0014 1579.8 0.6 
 7.7 11.6186 0.0013 1568.4 0.5 
 0 11.7908 0.0015 1639.2 0.6 
 
Gr60Py40 0 11.7284 0.0010 1613.3 0.4 
 1.7 11.6889 0.0011 1597.0 0.5 
 2.8 11.6634 0.0018 1586.6 0.4 
 3.9 11.6394 0.0011 1576.9 0.5 
 4.5 11.6279 0.0011 1572.2 0.5 
 5.2 11.6103 0.0012 1565.0 0.5 
 
Gr40Py60 1.4 11.6117 0.0012 1565.6 0.5 
 2.8 11.5762 0.0044 1551.3 1.8 
 4.6 11.5481 0.0017 1540.0 0.7 
 5.7 11.5217 0.0047 1529.5 1.9 




Gr20Py80 1.4 11.5136 0.0011 1526.3 0.4 
 3.8 11.4614 0.0025 1505.6 1.0 
 5.5 11.4270 0.0012 1492.1 0.5 
 1.5 11.5068 0.0008 1523.6 0.3 
 0 11.5491 0.0009 1540.4 0.4 
 
Pyrope 1.3 11.4240 0.0042 1490.9 1.6 
 2.8 11.4013 0.0040 1482.1 1.6 
 4.9 11.3495 0.0065 1462.0 2.5 
 3.8 11.3795 0.0038 1473.6 1.5 
 0 11.4559 0.0056 1503.5 2.2 
 0.3 11.4518 0.0014 1501.8 0.5 
 0.8 11.4413 0.0010 1497.7 0.4 
 1.4 11.4286 0.0010 1492.7 0.4 
 2.5 11.4056 0.0017 1483.7 0.7 
 3.8 11.3771 0.0016 1472.6 0.6 
 4.3 11.3633 0.0007 1467.3 0.3 
 5.2 11.3542 0.0005 1463.7 0.2 
 6.5 11.3206 0.0016 1450.8 0.6 
 7.1 11.313 0.0007 1447.8 0.3 






















Volumes of Pyrope-Grossular Garnets  










Birch-Murnaghan Equation of State 
In the case of isothermal hydrostatic compression of a medium having cubic symmetry, the 
pressure is written  
5/ 2 2
03 (1 2 ) (1 )iP K f f Af Bf                                                            (4) 
Here, f  is the Eulerian strain, with sign reversed so f  is positive for compression 
2/3
01/ 2*[( / ) 1]f V V
   and '03/ 2*( 4)A K  ; isothermal BE1 is obtained by setting B=0. V0 is 
the volume at P=0; Κ0 is isothermal bulk modulus at zero pressure and Κ0’ is its first derivative of 
K versus pressure at P=0. In this study, the upper limit of the pressure during compression is ~10 
GPa, which may still not be high enough to allow a precise calculation of Κ0’ because 
compressions of only ~8% were achieved in 10 GPa.  
Numerous studies on elastic properties using X-ray diffraction techniques (Hazen and Finger, 
1989; Olijnyk et al., 1991; Zhang et al., 1998 and 1999; Pavese et al., 2001) and ultrasonic 
interferometry (Gwanmesia et al., 2006) or resonant ultrasound spectroscopy as well as light 
scattering methods such as Brillouin spectroscopy (Conrad et al., 1999; Sinogeikin and Bass 
2000; Jiang et al., 2004) have been performed at ambient and high pressure on garnet end-
members. There is good agreement for elastic properties (Κ0) of these end-members among 
various studies at ambient conditions, although the pressure derivative of the bulk modulus (Κ0’) 
for end-members of garnet ranges from 4.0 to 6.1, and are less well consistent with each other 











Method Pyrope  Grossular  
  K K' K K' 
Hazen and Finger,1989 DAC and XRD 179±3 4* 159±2 4* 
Olijnyk et al, 1991 DAC and XRD   168±2.5 6.1±0.15 
Conrad et al,1999 BS 171.32 3.22 165.68 5.46 
Akhmatskaya et 
al,1999 
Theoretically 170 4.2 166 4.3 
Zhang et al,1999 DAC and XRD 171 4.4* 175±1 4.4* 
Sinogeikin and 
Bass,2000 
BS 171.2±3 4.1±0.3   





Jiang et al,2004 BS 
174.9±1.
6 
4.7±0.3 169±0.9 3.8±0.2 
Gwanmesia et al,2006 UI 175(2) 3.9(0.3)   
*fixed K’ number; DAC and XRD, synchrotron radiation powder diffraction on Diamond Anvil 
Cell; BS, Brillouin scattering; UI, ultrasonic interferometry 
 
 
The P-V curve of Pavese et al. (2001) on grossular indicated that garnet became increasingly 
less compressible at high pressure. They measured the unit cell volume changes of grossular with 
pressure up to ~37GPa, which allows a good estimate of the first pressure derivative of the bulk 
modulus (Κ0’=5.92). Since our low pressure P-V data (below 7GPa) is consistent with theirs 
(Figure 3.12), we calculated Κ0 by fitting the measured P-V data to EOS with Κ0’=5.92, which 
gave Κ0=165.41.8GPa for the bulk modulus of grossular. This is in good agreement with the 
theoretically calculated value Κ0=166 GPa (Akhmatskaya et al., 1999) and Brillouin scattering 
result Κ0=165.68 GPa, Κ0’= 5.46 (Conrad et al, 1999), although the calculated Κ0=165.41.8 
GPa from our high pressure unit cell parameter is relatively smaller than that from Pavese et al. 
(2001) study, Κ0=169.31.2 GPa. The extrapolation of P-V value based on Birch-Murnaghan 
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EOS and Κ0=165.41.8 GPa, Κ0’= 5.92 is in agreement with those measured P-V from Pavese et 
al. (2001) experiment (Figure 3.12). 




 have mean ionic radii of 1.118 
and 0.89 Å, respectively, and are thus near the upper and lower limits for the X-cation size. And 




 in the dodecahedral X site may be a primary factor in Κ0’ 
(Conrad et al., 1999).  So we can expect that Κ0’, the first derivative of bulk modulus might be 
different for pyrope and grossular. Our P-V data of pyrope garnet is consistent with those 
reported by Zhang et al, (1998) volume compressing experiment by using both N2 and He2 as 
pressure transmitting medium (Figure 3.12). Error as large as 1 GPa was report by using N2 as 
pressure transmitting medium because of non-hydrostatic stress at pressure higher than 15 GPa, 
but by using He2 as pressure medium they successfully kept their pyrope samples in hydrostatic 
condition till pressure ~30 GPa. The fit to EOS to our pyrope P-V data with fixed Κ0’=4.4 
(Zhang et al., 1998) yield Κ0=172.52.0 GPa, which is smaller than 178.6 GPa calculated by 
fixing Κ0’=5.92, and also is in greater agreement with those previously reported.  The 
extrapolations of P-V value of pyrope based on the Birch EOS with Κ0’=4.4, Κ0=172.5 GPa and 
Κ0’=5.92, Κ0=178.6 GPa, respectively, showed that there are large differences between these two 
extrapolations at pressure higher than 10GPa, and the extrapolation with Κ0’=4.4 and Κ0=172.5 

































Volume of Grossular Changes with Pressure 
Pavese et al,2001



























Volume of Pyrope Changes with Pressure 
Du et al.,2011
Zhang et al,1998 (He)





There is no previous high pressure data to constrain the Κ0’ values for garnets with 
intermediate compositions on the join pyrope-grossular. Since our end member data also confirm 




 in garnet structure decrease Κ0 and 
increase Κ0’, we tried to calculate the bulk moduli of garnet solid solution by using Birch-
Murnaghan EOS with two different fixed Κ0’ values. Results are summarized in Table 3.5 and 
Figure 3.13, which shows that there is no large difference in bulk moduli for garnet with 
intermediate composition, they are all ~155 GPa by fixing Κ0’=5.92 or ~160 GPa by fixing 
Κ0’=4.4, and show no significant compositional dependence. They are all relatively smaller than 
those of end members, no matter what Κ0’ value was chosen to fit in the Birch-Murnaghan EOS. 
This is in agreement with the excess volume measurement result; the positive excess volume 
values of garnets with intermediate composition on the join pyrope-grossular decrease with 
pressure (Figure 5), which is consistent with the smaller calculated Κ0, showing that they are 
more compressible. If the positive excess volumes are comprised of defects or local strains in the 
lattice accommodating Ca-Mg size mismatches by incorporating void space around Mg cations, 
then the greater compressibility reflects the greater compliance of the structure with extra room. 
It is clear from Figure 3.13 that compressibility of pyrope-grossular garnets is not strictly 




 in garnet structure causes 
positive excess mixing volume, which makes the intermediate garnet solid solution more 
compressible under high pressure. And therefore, linear least squares is not the right method to 
invert the elastic properties of natural solid solution samples for those of end-member garnets. 
Excess volume of pyrope-grossular garnet at high pressure computed by applying these bulk 
moduli to Birch-Murnaghan EOS were summarized in figure 3.14, showing that excess volume 
on the pyrope-grossular join decreases systematically with pressure. Positive unit cell excess 
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volume value as large as 8Å
3
/Cell for garnet with a composition Py40Gr60 exist at pressure as 
high as 6 GPa. Combination with high temperature results calculated from thermal expansion 
coefficients implies that phase exsolution at high pressure and high temperature should be 
observable and pyrope-grossular solvus position in a T-X diagram may be confirmed by high 
pressure and high temperature experiments. 
 
Table 3.5 Bulk moduli of garnet solid solution calculated by fixing K’=5.92 and K’=4.4 
 K’=5.92 K’=4.4 
Composition K ± K ± 
Pyrope 178.6 2.0 169.7 1.9 
G20P80 154.5 3.1 158.0 3.4 
G40P60 153.0 4.0 162.1 4.4 
G60P40 159.0 1.0 156.3 0.8 
G80P20 153.7 1.3 157.7 1.6 

























Figure 3.14 Excess volume of pyrope-grossular garnet at high pressure calculated from unit cell 















































1 Thermal expansions calculated from garnet volume at temperature between 25ºC and ~600ºC  
and 0GPa increase for all garnet solid solutions on join pyrope-grossular increase with 
temperature. Thermal expansion of pyrope increases faster than that of grossular, consistent 
with former experimental results. 
 
2 The substitution of the dodecahedral cation Ca2+ for Mg2+ in garnet structure affects many 
elastic properties: Birch-Murnaghan EOS yields Κ0=165.4(1.8) GPa for grossular, where Κ0’ 
is fixed to be 5.92; Κ0=172.5 (±2) GPa for pyrope, with Κ0’ fixed to be 4.4, respectively. The 
bulk moduli of garnet with intermediate composition are not significantly compositionally 
dependent. They are all relatively smaller than those of end members.  
 
 
3 Excess volume on the pyrope-grossular join exists at high temperature (600 ºC) and high 
pressure (6 GPa), although decreases systematically with both pressure and temperature, 
implying that phase exsolution can happen at some experimentally reachable temperature at 










Akhmatskaya, E. V., Nobes, R. H, Milman, V.,  Winkler, B. (1999) Structural properties of 
garnets under pressure : An ab initio study. Zeitschrift für Kristallographie, 214, 808-819. 
 
Babuska, V., Fiala, J., Kumazawa, M., Ohno, I., and Sumino, Y. (1978) Elastic properties of 
garnet solid-solution series. Physics of The Earth and Planetary Interiors, 16(2), 157-176. 
 
Bass, J. (1986) Elasticity of uvarovite and andradite garnets. Journal of Geophysical Research, 
91, 7505-7516. 
 
Birch, F. (1986) Equation of State and Thermodynamic Parameters of NaCl to 300 kbar in the 
High-Temperature Domain. Journal of Geophysical Research, 91, 4949-4954. 
 
Born,  L. and Zemann, J. (1964) Abstrandsberrchnungen und gitterenergetische Berechnungen 
an Granaten. Beitrage zur Mineralogies und Petrographie, 10, 2-23. 
 
Bosenick, A. and Geiger, C. A. (1997) Powder X-ray diffraction study of synthetic pyrope-
grossular garnets between 20 and 295 K. Journal of Geophysical Research, 102, 22649-
22657. 
 
Bosenick, A., Geiger, C. A., and Cemic, L. (1996) Heat capacity measurements of synthetic 
pyrope-grossular garnets between 320 and 1000 K by differential scanning calorimetry. 
Geochimica et Cosmochimica Acta, 60(17), 3215-3227. 
 
Bosenick, A., Geiger, C. A., Schaller, T., and Sebald, A. (1995) A 
29
Si MAS NMR and IR 
spectroscopic investigation of synthetic pyrope-grossular garnet solid solutions. American 
Mineralogist, 80, 691-704. 
 
Cheary, R. W. and Coelho, A. A. (1996). Programs XFIT and FOURYA, deposited in CCP14 
powder diffraction library. Engineering and Physical Sciences Research Council, Daresbury 
Laboratory, Warrington, England. 
 
Clark, S. M. (1996) A new energy dispersive powder diffraction facility at the SRS. Nuclear 
Instruments and Methods in Physics Research, A381, 161-168. 
 
Conrad, P. G., Zha, C. S., Mao, H. K., and Hemley, R., J. (1999) The high-pressure, single-
crystal elasticity of pyrope, grossular, and andradite. American Mineralogist, 84, 374-383. 
 
Cockcroft, J. K. and Barnes, P.  (1997) Powder diffraction on the web, originally an internet-
based advanced certificate course offered by Birkbeck College, but with the static course 
material since released on the group's web site: http://pd.chem.ucl.ac.uk/pd/welcome.htm. 
 
Duffy, T. S. and Anderson D. L. (1989) Seismic velocities in mantle minerals and the 
mineralogy of the upper mantle. Journal of Geophysical Research, 94, 1895–1912. 
70 
 
Eggert, J. H., Xu, L. W., Che, R. Z., Chen, L. C., and Wang J. F. (1992). High pressure refractive 
index measurements of 4:1 methanol:ethanol. Journal of Applied Physics, 72, 2453-2461. 
 
Geiger, C. A. and Armbruster, T. (1997) Mn3Al2Si3O12 spessartine and Ca3Al2Si4O12 grossular 
garnet: structural dynamic and thermodynamic properties. American Mineralogist, 82, 740-
747. 
 
Geiger, C. A. and Feenstra, A. (1997) Molar volumes of mixing of almandine-pyrope and 
almandine-spessartine garnets and the crystal chemistry and thermodynamic-mixing 
properties of the aluminosilicate garnets. American Mineralogist, 82, 571-581. 
 
Geiger, C. A., Newton, R. C., and Kleppa, O. J. (1987) Enthalpy of mixing of synthetic 
almandine-grossular and almandine-pyrope garnets from high-temperature solution 
calorimetry. Geochimica et Cosmochimica Acta , 51(6), 1755-1763. 
 
Gillet, P., Fiquet, G.., Malezieux, J. M., and Geiger, C. A. (1992). High-pressure and high-
temperature Raman spectroscopy of end-member garnets: pyrope, grossular and andradite. 
European Journal of Mineralogy, 4, 651-664. 
 
Gwanmesia, G. D., Zhang, J. Z., Darling, K., Kung, J., Li, B. S., Wang, L. P., Neuville, D., and 
Liebermann, R. C. (2006). Elasticity of polycrystalline pyrope (Mg3Al2Si3O12) to 9 GPa and 
1000 °C. Physics of the Earth and Planetary Interiors, 155, 179-190. 
 
Hammersley, A.P., Svensson, S. O., Hanfland, M., Fitch A. N., and Häusermann, D. (1996) 
Two-Dimensional detector software: from real detector to idealised image or two-theta scan. 
High Pressure Research, 14, 235-248. 
 
Hazen, R. M and Finger, L.W. (1978) Crystal structures and compressibilities of pyrope and 
grossular to 60kbar. American Mineralogist, 63, 297-303. 
 
Hazen, R. M. and Finger, L. M. (1989). High pressure crystal chemistry of andradite and 
pyrope:revised procedures for high pressure diffraction experiments. American Mineralogist, 
74, 252-259. 
 
Irifune, T. and Ringwood, A. E. (1987) Phase transformation in primitive MORB and pyrolite 
compositions to 25 GPa and some geophysical implications. In: Manghnani, M.H. and Syono, 
Y., Editors, High pressure research in mineral physics. vol. 39, TERRAPUB 
Tokyo/American Geophysical Union, Washington, DC: 235-246. 
 
Irifune, T. and Ringwood, A. E. (1993) Phase transformations in subducted oceanic crust and 
buoyancy relationships at depths of 600-800 km in the mantle. Earth and Planetary Science 
Letters, 117(1-2), 101-110. 
 
Jiang, F., Speziale, S., and Duffy, T. S. (2004) Single-crystal elasticity of grossular- and 




Johnson, M. C., Walker, D., Clark, S. M., and Jones, R. L. (2001) Thermal decomposition of 
rhombohedral KClO3 from 29–76 kilobars and implications for the molar volume of fluid 
oxygen at high pressures. American Mineralogist, 86, 1367–1379. 
 
Mao, H. K., Xu, J., and Bell, P. M. (1986). Calibration of the ruby pressure gauge to 800 kbar 
under quasi-hydrostatic conditions. Journal of Geophysical Research, 91, 4673-4676. 
 
Newton, R. C., Charlu, T. V., and Kleppa, O. J. (1977) Thermochemistry of high pressure 
garnets and clinopyroxenes in the system CaO-MgO-Al2O3-SiO2. Geochimica et 
Cosmochimica Acta, 41(3), 369-377. 
 
Olijnyk, H., Paris, E., Geiger, C. A., and Lager, G.A. (1991) Compressional study of katoite 
[Ca3Al2(O4H4)3] and grossular garnet. Journal of Geophysical Research, 96, 14313-14318. 
 
O'Neill, B., Bass, J., Smyth, Joe R., Vaughan, and Michael T. (1989) Elasticity of a grossular-
pyrope-almandine garnet. Journal of Geophysical Research, 94, 17819-17824. 
 
Pavese, A., Levy, D., and Vittoria, P. (2001) Elastic properties of andradite and grossular, by 
synchrotron X-ray diffraction at high pressure conditions. European Journal of Mineralogy, 
13, 929-937. 
 
Sinogeikin, S. V. and Bass, J. D. (2000). Single-crystal elasticity of pyrope and MgO to 20 GPa 
by Brillouin scattering in the diamond cell. Physics of the Earth and Planetary Interiors, 
120(1-2), 43-62. 
 
Skinner, B. J. (1956) Physical properties of end-members of garnet group. American 
Mineralogist, 41, 428-436. 
 
Walker, D., Clark, S. M., Jones, R. L., and Cranswick, L. M. (2000) Rapid methods for the 
calibration of solid-state detectors. Journal of Synchrotron Radiation, 7, 18–21. 
 
Walker, D., Cranswick, L. M. D., Verma, P. K.,  Clark, S. M., and Buhre, S. (2002) Thermal 
equations of state for B1 and B1 KCl. American Mineralogist, 87, 805–812. 
 
Wood, B. J. (1988) Activity measurements and excess entropy-volume relationships for pyrope-
grossular garnets. Journal of Geology, 96, 721-729. 
 
Zhang, L., Ahsbahs, H., and Kutoglu, A. (1998) Hydrostatic compression and crystal structure of 
pyrope to 33GPa. Physics and Chemistry of Minerals, 25, 301-307. 
 
Zhang, L., Ahsbahs, H., Kutoglu, A., and Geiger, C. A. (1999) Single-crystal hydrostatic 
compression of synthetic pyrope, almandine, spessartine, grossular and andradite garnets at 






  Chapter 4 Exsolution of Pyrope-grossular Garnets  
 
4.1 Experimental Procedures 
Garnet glass was prepared by melting a finely ground mixture of CaCO3, MgO, Al2O3, and 
SiO2 powders; refer to chapter 2 for details of preparation of garnet glass.  
Based on a recent thermodynamic model of garnets on the join pyrope-grossular, the critical 
temperature is in the range 850-1330°C at composition ~Py65Gr35, room pressure (Dachs and 
Geiger, 2006). A former modeling result from Ganguly et al., 1996 gave a lower critical 
temperature ~600°C, but still at a bulk composition close to ~Py65Gr35, too. Therefore, in order 
to test these two different modeling results, two different garnet glasses (Py90Gr10 and Py40Gr60) 
were mixed by fine grinding (wt. % ratio 1:1) to form a bulk composition close to ~Py65Gr35. 
The resulting powder was tightly packed into the cylindrical cavity on one side of an S (Pt10Rh) 
thermocouple that bisected the length of a 3 mm inner diameter LaCrO3 furnace tube within an 8 
mm truncated edge length octahedral pressure medium (Figure 2.1a in chapter 2) in a MA device. 
The cavity on the other side of the thermocouple was filled with MgO. Platinum capsules were 
also used in some synthesis experiments to isolate garnet from contamination by LaCrO3 heater 
during long heating time at 6GPa; Pt capsule was put into an Al2O3 tube before packing into the 
cylindrical cavity of a LaCrO3 heater (Figure 2.1b in chapter 2). After this loading, the assembly 
of anvils was inserted between the driving wedges of an octahedral/cubic multi-anvil pressure-
temperature device at LDEO and pressurized (Figure 2.2 in chapter 2). In order to avoid the 
crystallization of clinopyroxene, all garnets were synthesized at ~6GPa, but at a range of 
different temperatures higher than 1100°C for different heating times. During the climb in 
temperature to the final temperature, only a few seconds residence was allowed in the 700-
1100°C temperature interval during heating. As described in chapter 2, the garnets so produced 
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are phase-clean of clinopyroxene if the heating cycle has avoided lingering in the 700-1100°C 
interval. Garnet synthesis processes at 6 GPa with different temperatures and different heating 
times were tried for the same starting glass mixture in order to find the coexistence of garnets 
with two different compositions (Table 4.1). XRD patterns showed that the product of some 
synthesis experiments (Table 4.1) is garnet with only one composition that is the same as the 
combined bulk composition of the two different starting glasses. The single garnet composition 
result indicates that diffusion is rapid enough at high temperature and pressure to eliminate the 
compositional differences between the separate particles of starting materials at whatever their 
grain size in 10 minutes at 1400 °C (TT741). It also indicates that the critical temperature of any 
garnet solvus is lower than 1400°C at 6 GPa. A short heating time at 1300° of about 2 hours is 
already long enough to synthesize the garnet glass mixture to one garnet with combined bulk 
composition. However, at 1200 °C, two garnets with composition close to the starting glasses 
(Py90Gr10 and Py40Gr60) were observed coexisting with each other in the XRD pattern of garnet 
crystal product after the garnet glass mixture was heated at 1200°C and 6GPa for 4 hours. 
Continued heating at the same pressure and temperature condition makes the composition of 
these two different garnet change with time. Heating time as long as 20 hours make these two 
garnet phases converge to one garnet phase or another two garnet phases with composition much 
closer to each other (TT747). Therefore, lower heating temperature (1150°C) and shorter heating 
time (<6 hour) were adopted for two garnet synthesis experiments at 6GPa. 
Further experiments to effect convergence/divergence of coexisting garnet compositions 
were conducted in 3mm diameter rhenium tubes (rolled two turns of the 19mm width rhenium 
foil with dimensions of 14mm in length and 0.0254 mm in thickness), which functions as a 
resistance heater and was used to increase the pressure to 8 GPa by putting the same press force 
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(300 tons) as for the LaCrO3 heaters with their intrinsic pressure-reducing initial porosity. A >3.3 
mm cylindrical cavity was drilled in the center of an 8 mm truncated edge length octahedral 
pressure medium. The cavity was then filled with zirconia cement with phosphate binder; the 
zirconia-filled octahedral pressure medium was heated at 1000°C for 2 hours and then cooled to 
room temperature in an hour. A 3.2 mm cylindrical cavity was drilled through the zirconia filling 
so that the zirconia layer reduces heat loss and power consumption, and protects the rhenium 
heater from reaction with molten surrounding octahedral ceramic (Figure 4.1 and 4.2). Garnet 
grains from the product of two garnet phases synthesis experiment were put in a position close to 
S (Pt10Rh) thermocouple junctions that bisected the Re heater tube. KBr powder was put in the 
heater to envelop the sample and to keep the garnet from contact with MgO, because at 
temperature as high as 1100°C, the sample could be contaminated by MgO (Figure 4.1 and 4.2). 
The ceramic octahedron was then put in the cavity of cubic tungsten carbide anvils. The 
assembly of anvils was inserted between the driving wedges of the octahedral/cubic multi-anvil 
pressure-temperature device at LDEO and pressurized. After heating for days at high 
temperature (1100 and 1200°C), the Re heater was opened by a razor blade and KBr that was 
used to encapsulated the garnet grain can be easily washed away by a couple drops of water.  
All the synthesized garnets were checked with X-ray diffraction measurement using CuΚα 
radiation (λ=1.540592 Å) on a RIGAKU (46 mV and 40 mA) micro diffraction unit with a 
curved image plate sensor at the American Museum of Natural History (AMNH). As discussed 
in chapter 2, a small garnet particle (about 200 μm) was put on top of a glass fiber to get an 
acceptably precise unit cell parameter. The unit cell parameter of the garnet products were 
determined from least squares fitting of the 2θ peak values from 10 to 145o of their XRD analysis 
pattern. Compositions of these garnets were then deduced from their unit cell parameters via the 
75 
 
unit cell volume vs. composition profile of pyrope-grossular garnet (Figure 4.3), in which a third 
order polynomial equation was fitted to the volume value of pyrope-grossular garnets. XRD 
method shows advantage to determine composition of these paired garnets because it is simple 
and these garnet samples can only be directly approached by ATEM because of the small grain 
size. 
 











TT735 glass mixture 
(Gr10+Gr60 
1:1 wt. %) 
1400 6 4 hours ~Gr35 
TT737 as above 1300 6 21 hours ~Gr35 
TT740 as above >1300 6 2 
minutes 
~Gr35 
TT741 as above 1400 5 10 
minutes 
~Gr35 
BB945 as above 1300 6 2 hours ~Gr35 
BB946 as above 1200 6 6 hours Gr10+Gr60 
TT747 as above 1200 6 20 hours ~Gr35 
TT750 as above 1100 6 7 days Gr10+Gr60 
TT766 product of 
TT750 
1200 8 8days three garnets 
(Gr12+Gr43+Gr53) 
TT767 product of 
TT766 
1200 8 7days two garnets 
(Gr16.5+Gr38.5) 
BB980 glass mixture 
(Gr20+Gr40 
1:1 wt. %) 
1150 6 0.5 hours two garnets 
(Gr22+Gr34) 
BB991 product of 
BB980 
1200 8 21 days two garnets 
(Gr14+Gr38) 
BB970 glass mixture 
(Gr10+Gr60 
1:1 wt. %) 
1200 6 1 hour two garnets 
(Gr10+Gr60) 
BB971 glass mixture 
(Gr10+Gr60 
1:1 wt. %) 
1200 6 1.5 hour two garnets 
(Gr10+Gr60) 
BB974 product of 
BB970 and 
BB971 






BB977 glass mixture 
(Gr20+Gr40 
1:1 wt. %) 
1150 6 0.5 hours two garnets 
(Gr20+Gr40) 
TT875 product of 
BB977 






Figure4.2a Sketch showing experimental setup of 8mm octahedral assembly with Rhenium 
heater used to heat two phase garnet crystals at 8 GPa in Multi Anvil Device. 
 
 
Figure 4.2b A cross section of octahedron opened after experiment was done, showing the 
Rhenium heater and KBr powder and contents used to heat two phase garnet crystals at 8 GPa in 






Figure 4.3 Unit cell volumes vs. composition profile of garnet on the join pyrope-grossular used 
to calculated garnet composition from their unit cell volume. A fourth order polynomial equation 
was used to fit the volume-composition data of pyrope-grossular garnet. 
 
4.2 Result and Data Analysis 
In general, the free energy of mixing parameters can be written with explicit enthalpic, 
entropic, and volume components: 
 G H S VW W TW PW    (4.1) 
Where HW  is the excess enthalpy parameter, SW governs excess entropy (departure of entropy 
from the ideal configurational entropy of mixing), and VW  accounts for the effect of pressure on 
the free energy of mixing. By assuming that the pyrope-grossular mixing properties HW and SW









y = 2E-06x4 - 0.0004x3 + 0.021x2 + 1.5078x + 1503.6 























Volume of Pyrope-Grossular Garnet 
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    (4.4) 
By assuming that the composition of the solid solution at the critical point does not change 
much with pressure, we can conclude that GW c Tc (4.5).  









As reported in chapter 2, a two parameter Margules equation fitted to our new data gives 
V
pyropeW = 4.30.1 cm
3
/mol, and V
grossularW = 2.00.1 cm
3
/mol at room temperature and pressure, 
which are ~3 times larger than literature studies (Ganguly et al., 1993 and Bosenick and Geiger, 
1997), implying that the estimated change in the temperature of the consolute point with pressure 
should be enhanced by a factor of ~3 compared to modeling results for garnet solvi at high 
pressure given by previous studies.  
4.2.1 Experiments at 6 GPa 
Because the position of the garnet solvus in P-T should increase with pressure more 
vigorously (~3 times) than previous thought, we would expect that at 6 GPa, the critical 
temperature for garnet solid solution is over 1400 ºC, if we adopted Haselton and Newton’s 
modeling parameters (450 ºC at 1 bar and increased ~3x150 ºC/GPa). However, our experiments 
suggest that the critical temperature of the pyrope-grossular solvus is lower than 1200 ºC at 6 
GPa.  
In order to find out the temperature domain for two phase garnets to coexist with each other, 
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we did a series of multi anvil synthesis and heating experiments at different temperatures 
between 1400 and 1100 ºC, and experiment conditions and result of these experiments were 
summarized in table 4.1. XRD measurement of garnets synthesized from two garnet glasses 
mixture (Py90Gr10 and Py40Gr60 with 1:1 wt. %) shows that only garnet without any other mineral 
was crystallized and 1400 ºC is too high to synthesize garnet crystal with two different 
composition. Experiment TT735 started with this glass mixture, was heated at 1400 ºC for 4 
hours, and only one garnet phase with composition close to bulk composition of starting glass 
mixture was shown in X-ray diffraction pattern (Figure 4.4). 1300 ºC is still high enough to 
converge two garnets into one garnet phase after half an hour heating at 6 GPa (experiment 
TT737 in Figure 4.5). Following the same synthesis as experiment TT737 procedure, we 
designed to heat the same two garnet glass mixture at 1300 ºC and 6 GPa for only 10 minutes, 
the experiment TT740 over shot to high temperature for only 2 minutes, but still only one garnet 
phase was discovered in XRD pattern (Figure 4.6). And also, only about 10 minutes heating of 
this garnet mixture at 1400 ºC and 5 GPa gave garnet crystal with only one composition Gr35Py65 
(TT741 in Figure 4.7). Two hours heating at 1300 ºC and 6 GPa completely converge two garnet 
phases into one composition (BB945 in Figure 4.8).  Based on these experiment results, we 
would expect that at 6 GPa, if two garnets can coexist, the temperature should be lower than 
1300 ºC. This was proved by the synthesis experiment at 1200 ºC and 6 GPa. After heating the 
garnet glasses with the same mixed composition in MA device for about 6 hours, we got two 
phases of garnet with compositions the same as the starting glasses Gr10Py90 and Gr60Py40 
(BB946 in Figure 4.9).  
In order to find out whether these are the two equilibrium garnet phases at this pressure and 
temperature (1200 ºC and 6 GPa), we did an experiment at the same pressure and temperature 
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condition as BB946, but instead of heating the glass mixture for only 6 hours, we heated the 
glass mixture for a longer time. Compositional change was observed in experiment TT747, 
which started with the same glass mixture (Gr10Py90 and Gr60Py40) and was heated at the same P-
T condition as BB646 for 20 hours. A garnet crystal with only one composition ~Gr35Py65 was 
found in the XRD pattern (Figure 4.10), which showed complete convergence of the two garnet 
phases, implying that the critical temperature is lower than 1200 ºC at 6GPa. 
For a longer heating time experiment at 1100 ºC and 6 GPa, a more stable graphite heater 
(0.125x0.165x10mm) with Mo caps (0.5x5mm) was used instead of LaCrO3 heater. Result of 
experiment TT750 shows that no apparent peak convergence was observed after the glass 
mixture was heated in graphite heater for 7 days (Figure 4.11). Heating time longer than 7 days 
is necessary to make the two garnet phases exchange compositions with each other at 1100 ºC 
and 6GPa. And also it is hard to synthesize garnet under 1100 ºC without crystallization of other 
minerals like pyroxene. So in order to watch the efficient occurrence of phase separation or 
phase convergence at temperature above 1100ºC, we decided to do MA heating experiments at 








Figure 4.4 Two garnet phases (Py90Gr10 and Py40Gr60) converged into one phase at 1400°C and 6 
GPa after heating for ~4 hours. Starting material for this experiment TT735 is a glass mixture 
with composition (Py90Gr10 and Py40Gr60 1:1 wt.%), which will crystallize into two garnet phases 
with composition consistent with the two starting glasses if heated at 1200°C and 6 GPa for a 






Figure 4.5 Two garnet phases (Py90Gr10 and Py40Gr60) converged into one phase at 1300°C and 6 
GPa after heating for 21 hours. Again, this is a convergence experiment between two garnet 
phases, which will not show up unless the heating time at 1300°C and 6 GPa is really short, 






Figure 4.6 Two garnet phases (Py90Gr10 and Py40Gr60) converged into one phase at >1300°C and 





Figure 4.7 Two garnet phases (Py90Gr10 and Py40Gr60) converged into one phase at 1400°C and 5 






Figure 4.8 Two garnet phases (Py90Gr10 and Py40Gr60) converged into one phase at 1300°C and 6 






Figure 4.9 Two garnet phases (BB946) crystallized at 1200°C and 6 GPa after heating for 6 





Figure 4.10 Two garnet phases with composition Py90Gr10 and Py40Gr60 (refer figure 4.4 for the 




         
 
Figure 4.11 Two garnet phases (Py90Gr10 and Py40Gr60) crystallized in graphite heater at 1100°C 
and 6 GPa. After heating for 7 days, garnet crystal still shows composition consistent with the 






4.2.2 Experiments at 8 GPa  
Garnet crystals with paired composition consistent with the starting glass mixture (Py90Gr10 
and Py40Gr60 1:1 in wt. %) made at the same P-T-t condition used in experiment BB946 (1200 ºC, 
6 GPa, and 4 hours heating) or a lower heating temperature (1150 ºC) and shorter heating time 
(<1 hour) were prepared for the following convergence and divergence experiments. In order to 
synthesize pure garnet composition on the pyrope-grossular join without any contamination from 
MgO or LaCrO3, a Pt capsule was used to encapsulate garnet glass. XRD results showed that 
short duration experiments at a lower temperature, e.g., 1150 ºC, are sufficient to synthesize two 
garnets.  
Compositions of the garnet pairs synthesized by these methods were checked with XRD at 
the American Museum of Natural History because 1150 ºC is close to the temperature domain 
(700-1100 ºC) that clinopyroxene crystallizes from garnet bulk compositions. XRD patterns of 
these garnet pairs were kept as a record and only those synthesis products with pure garnet were 
used for further divergence or convergence experiments. 
As discussed above, XRD measurement of crystals from experiment TT750 shows two 
garnet crystals with compositions consistent with the starting glass mixture (Py90Gr10 and 
Gr40Gr60 1:1 in wt. %). The products of experiment TT750 were then used as the starting 
material for the further convergence experiments. Garnet grains from TT750 was put in Rhenium 
heater (Figure 4.2), pressurized to 8 GPa and heated at 1200 ºC for 8 days (experiment TT766). 
XRD technique was used to check the unit cell parameter of garnet crystal from TT766, showing 
that there is obvious composition changing of these two garnet phases during heating. Three 
garnet phases with different composition compared with product of TT750 coexist with each 
other (Figure 4.12). After this XRD measurement, product of experiment TT766 was put back to 
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a new Rhenium heater, and continued heating at 1200 ºC and 8 GPa for another 7 days 
(experiment TT767).  Garnet peaks and their movement in these TT750, TT766 and TT767 
experiments are summarized in figure 4.12. Garnet peak positions on this intensity vs. 2θ 
diagram change after long term heating. Garnet composition of product TT766 and TT767 can 
be converted from unit cell volume measured from XRD by using the unit cell volume profile on 
the pyrope-grossular garnet join (Figure 4.13). After heating at 1200 ºC and 8GPa for 15 days, 




Figure 4.12 Position of peaks (444), (640), and (642) moved during heating from experiment 
series TT750, TT766, and TT767, indicating the composition exchanging between the starting 
two garnet phases during the 1200°C and 8 GPa heating experiment by using Rhenium heater in 
multi anvil device. The left limb of blue pattern becomes wider during the heating, possibly 
representing two peaks too close to separate from each other, indicating two different 





Figure 4.13 Composition of garnet converted from unit cell volume profile of pyrope-grossular 
garnets, showing the composition changing from products of experiments TT750, TT766, to 
TT767 after heating at 1200°C and 8 GPa for 15 days.  
 
Garnet glass mixture with Py80Gr20 and Py60Gr40 (1:1 wt. %) was wrapped with Pt capsule 
before being put into Al2O3 in LaCrO3. After being heated at 1150 ºC and 6 GPa for ~0.5 hour 
(BB980), garnets with compositions close to each other (Py78Gr22+Py66Gr34) were detect in XRD 
measurement result. The product of this experiment BB980 was then put into a Rhenium heater, 
pressurized and heated at 1200 ºC and 8 GPa for 21 days. Composition divergence was observed 
after this long term heating (Figure 4.14). Composition of garnet pair from BB980 and BB991 
was also converted from unit cell volume measured from XRD by using the unit cell volume 
profile of pyrope-grossular garnet (Figure 4.15). Two garnets with compositions 22% and 34% 
in Ca% exchange Ca and Mg with each other during heating at 1200 ºC and 8 GPa, reaching a 
new garnet pair with composition Py86Gr14 and Py62Gr38. The increasing composition difference 
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between the two garnets suggest that they are an immiscible garnet pair instead of simple 
heterogeneity, implying that pyrope-grossular garnets are unstable and exsolution in pyrope-
grossular garnets can happen in laboratory time scales at  1200°C and 8 GPa. The composition of 
this garnet pair is consistent with previous convergence composition (Py83.5Gr16.5 and 
Py61.5Gr38.5), thus confirms the positions of the pyrope-grossular garnet solvus’ two limbs at 




Figure 4.14 Position of peaks (444), (640), and (642) moved during heating from experiment 
BB980 to BB991, showing the compositional divergence during the 1200°C and 8 GPa heating 





Figure 4.15 Composition of garnet converted from unit cell volume profile of pyrope-grossular 
garnets, showing the divergent compositional changing from products of experiments BB980 to 
BB991 after heating at 1200°C and 8 GPa for 21 days.  
 
  
Two phase heating experiments at a lower temperature than 1200 ºC were carried on to 
constrain the two limbs of garnet solvus at 8 GPa. So the convergence and divergence strategies 
we did above at 1200 ºC were repeated, but this time we heated garnet pairs at a lower 
temperature 1100 ºC. Longer heating time was expected to be necessary to make the garnet pair 
change their composition toward or away from each other during heating because at lower 
temperature diffusion in garnet structure is slower.   
Two phase garnet grains synthesized from experiment BB970 (1200 ºC and 6 GPa) with 
composition (Py90Gr10 and Py40Gr60) were put in Rhenium heater and heated at 1100 ºC and 8 
GPa for 17 days and then reheated at the same pressure and temperature condition for another 7 
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days (BB974). Result of this series of experiments was summarized in figure 4.16. Composition 
convergence happened on pyrope-grossular garnet join after long time (~20 days) heating at 
1100 ºC and 8 GPa, and two garnet phases with composition Py87.5Gr12.5 and Py61Gr39 coexist 
with each other. 
Product of experiment BB977 (Py80Gr20 and Py60Gr40) was heated at 1100 ºC and 8 GPa for a 
second try to find the equilibrium composition of two phase garnet at this P-T condition. Result 
of this experiment TT785 was shown in figure 4.17. Garnets with two different compositions 
Py81Gr19 and Py64Gr36 was found to coexist in the product of TT785. 
 
 
Figure 4.16 Composition of garnet converted from unit cell volume profile of pyrope-grossular 
garnets, showing the divergent compositional changing from products of experiments BB970 to 





Figure 4.17 Composition of garnet converted from unit cell volume profile of pyrope-grossular 
garnets, showing the divergent compositional changing from products of experiments BB977 to 




As discussed in chapter 1, we recall the “forbidden region” theory from Newton and Wood 
(1980), following Iiyama’s “excluded volume” principle (Iiyama, 1974). Substitution of larger 
Ca
2+
 cation into a pyrope-rich garnet structure behaves like an odd-sized trace-element 
substitution, and the larger Ca
2+
 cation deforms its surrounding structure and creates a “forbidden 
region” for another Ca2+ to enter its immediate neighborhood. So for the two experiments BB974 
and TT785, the Mg/Ca substitution in grossular rich garnet (Py40Gr60) is more easily achieved 
because no analogous lattice strains must be overcome to effect the substitution of Mg for Ca. 
This rationalization perhaps explains the relatively larger shifts of composition to more Mg taken 
by the initially Ca-rich garnets. 
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4.2.3 Thermodynamic Modeling 
The two coexisting garnet phases at 1200 ºC/8 GPa shown by our high pressure and high 
temperature experiments in multi anvil confirms the suggestion that the solvus of pyrope-
grossular garnet increases with pressure, and it is experimentally observable at 8 GPa if we 
heated two garnet phases at 1200 ºC. Our two-phase garnet heating experiments at 1200 ºC , 8 
GPa show that the composition of garnet pairs from both convergence and divergence 
experiments agree well with each other, which we would  take as a reference for the positions of 
the two limbs of the pyrope-grossular solvus at 1200 ºC and 8 GPa. The 1100 ºC and 8 GPa 
convergence experiments showed a similar composition of garnet on the more pyrope rich end, 
but a little less grossular-rich composition on the Ca-rich limb compared to the 1200 ºC result. 
This anomaly may be caused by a small hot spot inside the Rhenium heater or some other failure 
to conform to expectations. Divergence experiments at 1100 ºC did not work out well; even after 
we heated the two phase garnets for a time period longer than a month, we saw no composition 
movement. Thus, we will not have the chance to observe divergence at 1100 ºC and 8 GPa, 
because the heating temperature 1100 ºC is too low to make the cation substitution in garnet 
structure occur before the Rhenium heater we have been using in these 8 GPa experiments 
deteriorates to failure. 
We observed exsolution in pyrope-grossular garnet solid solution at high pressure, 8 GPa, as 
we expected from our new large positive excess volume data on this join. Although we did not 
confirm the critical temperature of pyrope-grossular solvus at 8 GPa by these MA heating 
experiments, it is certainly higher than 1200 ºC based on the equilibrium coexistence of two 
garnet phases at 1200 ºC and 8 GPa. This temperature at 8 GPa is much higher than the 
calculated result from Ganguly et al., 1996, whose critical temperature of pyrope-grossular solvi 
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at 6 GPa is lower than 1200 ºC, which is about 150 ºC lower than the modeling result from 






Figure 4.18 T-X phase diagrams showing the different modeling results from literature studies 
and the exsolution of our new MA experiment results. Red dots are the composition of two 
garnet phases discovered in our new multi anvil high pressure and high temperature experiments. 
Exsolution was observed at 8 GPa and 1200°C. Critical temperature of solvus at 6 GPa is 
between 1100 and 1200°C, much lower than Haselton and Newton’s modeling result and much 




Haselton and Newton estimated a consolute temperature change from ~450ºC to ~1350ºC 
with pressure increasing from 1bar to 6 GPa. Their consolute temperature at 6 GPa could be as 
high as ~3000ºC, if we substitute our new excess volume parameter into their modeling. This 
does not agree with the result after the same substitution into Gangluly’s modeling, from which, 
if we exaggerated the increasing rate of pyrope-grossular solvus with pressure 3 times larger, the 
critical temperature of solvus at 6 GPa will be only ~900ºC. In addition, neither of these two is 
consistent with our new experiment results. The excess volume parameters on the pyrope-
grossular join are about the same for both Newton’s and Ganguly et al.’s studies. Therefore the 
Ganguly et al. (1996) proposal for the difference in solvus rise with pressure arising from the 
different volumetric properties on pyrope-grossular join cannot explain the large difference.  
Our experimental results of convergence and divergence of two garnet phases at 8 GPa 
shows a similar critical temperature of pyrope-grossular solvus at high pressure to the predictions 
made by Haselton and Newton (1977) on the basis of much smaller excess volume parameter 
than our observation, suggesting there may be compensating effects in the entropy of mixing 
between their theory and our experiments. Large differences exist among numerical models of 
the pyrope-grossular solvus at 1 bar by combining different mixing entropy and enthalpy 
parameters (Figure 4.19). For example, different mixing entropy parameter can increase the 
critical temperature of pyrope-grossular solvus from 450 ºC (blue line in Figure 4.19, Haselton 
and Newton, 1977) to 850 ºC (black line labeled N in Figure 4.19, Dachs and Geiger, 2006). The 
short range ordering of Ca/Mg cations in garnet structure that we discussed in chapter 1 also 
contributes to the increase of solvus in a T-X diagram (black line labeled G+SRO in Figure 4.19) 






Figure 4.19 T-X phase diagrams for pyrope-grossular solvi at 1 bar from different modeling 
results. Models from Datchs and Geiger show the different result by combining different mixing 
enthalpy parameters from Newton et al. (1977; labeled N), Ganguly et al. (1996; labeled G). 
Solvus labeled as G+SRO was computed with mixing entropy parameter from Datchs and Geiger 
(2006), mixing enthalpy parameters from Ganguly et al. (1996) and the maximal effect of short 
range order. 
 
4.2.4 Petrological Implication 
As predicted in chapter 1 and confirmed in this chapter, the pyrope-grossular solvus in a T-X 
phase diagram rises fast enough with pressure to become experimentally observable in laboratory 
time scales. And our new experiments constrain the equilibrium temperatures for unmixing of 
garnets in nature.  
Previous mixing models implied immiscibility in the pyrope-grossular garnet system at 
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modest pressure should occur only at low temperature. This low temperature could explain the 
rarity of phase-separated garnet solid solutions in nature because the kinetics of the exsolution 
process at such low temperatures is extremely slow. The solvus on the pyrope-grossular join 
based on calculation from enthalpy and volume data suggested that it was asymmetrical towards 
to the pyrope end (Haselton and Newton, 1980 and Ganguly et al., 1996 in Figure 18). 
Calculations of binary miscibility gaps of pyrope-grossular garnet show that the P, T, X 
combination required for unmixing of garnet solid solutions on this join is not often realized by 
natural samples (Ganguly et al., 1996). For example, based on the model from Ganguly et al. 
(1996), the crystallization temperature of most natural garnet at 2-3 GPa is above the calculated 
critical temperature of 620 ºC for natural reported grosspydites (Sobolev et al., 1968). However, 
as shown above, the critical temperature observed from our two-phase garnet equilibrium 
experiment must be higher than 1200ºC at only 8 GPa. When combined with the conclusion that 
the pressure dependence of the solvus is more significant than previous thought based on the 
large excess volume data on pyrope-grossular join we showed in chapter 1, and the existence of 
short range ordering of Mg/Ca in garnet structure, immiscibility in deep mantle garnet solid 
solutions might be more widely observable. After a simplified calculation based on the fact that 
critical temperature of pyrope-grossular solvus is above 1200 ºC at 8 GPa and may be between 
1100 ºC and 1200 ºC at 6 GPa, we get a pressure dependence of the consolute temperature of 
about ~50 ºC/GPa. This is consistent with the factor of three in excess volume difference 
between us and Ganguly et al., giving roughly a factor of 3 times difference with their modeling 
result for the rise rate of the consolute temperature. Thus critical temperatures of two-phase 
garnet equilibrium could be higher than ~800 ºC at 1 bar (Figure 4.18), and the unmixing of 
garnets could happened at temperatures higher than ~600 ºC.  
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An observation of an equilibrium coexistence of two garnets in natural assemblages would 
contribute direct evidence for immiscibility in garnet solid solutions. Cressey (1978) found 
randomly-orientated garnet polyhedra exsolved from a more calcium-rich garnet matrix in 
metagabbro from South Harris. The metagabbro was metamorphosed in granulite facies 
conditions, 10-13kbar and 800-860ºC (Cressey, 1978). This exsolution of garnet in a natural 
sample was hard to explain because the temperature was higher than some versions of the 
consolute temperature at lower crustal pressure. For example, at 1 GPa, a lower critical 
temperature ~600 ºC is obtained from Halselton and Newton’s model and in Ganguly et al.’s 
model, the possibility of exsolution at 1 GPa should be exclusively below 650 ºC (Figure 4.1). 
The exsolution found by Cressey at a higher temperature above 800 ºC can be supported by the 
solvus at 1 GPa after deduction from our new high pressure and high temperature heating 
experiments (Figure 4.18). He reported the observation of a Ca-rich garnet exsolven from a 




 have the 
similar size and they may behave similar in garnet structure, we project the composition of 
garnet exsolution and their host from  a three component pyrope-grossular-almandine domain 
(~Py30Gr20Al50 and ~Py14Gr36Al50) to a two component domain (~(PyAl)80Gr20 and 
~(PyAl)64Gr36). Thus this garnet pair with exsolution found by Cressey does get into the 
compositional region that exsolution could be possible at this pressure and temperature condition 
(Figure 4.19). The equilibrium temperature of this garnet pair is confirmed to be 900-950 ºC in 
our new pyrope-grossular solvus at 2 GPa. The 100 ºC difference between our estimate and the 
metamorphism temperature may be explained by the large content of almandine (Ganguly et al., 
1996).  
A pyrope-rich garnet crystal containing mineral inclusions collected from Garnet Ridge, 
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Arizona was reported by Wang et al. (2000).  Three mineral inclusions that have a stoichiometric 
garnet composition were first found near two composite inclusions in the garnet host. BSE 
images clearly show: (1) the euhedral and approximately equidimensional shape of inclusions; (2) 
a sharp contact between inclusion and garnet host (Figure 4.20). They argued that these 
observations together with the increasing composition difference between the host garnet and its 
inclusions toward the common interface all suggest that the host and its inclusion are an 
immiscible garnet pair instead of simple heterogeneity or zoning. For those mantle xenoliths, a 
pressure of 2 GPa was estimated for the garnet host. In Ganguly’s model, the smaller Margules 
volume parameters
,V PyGrW  and ,V GrPyW were used, thus the pressure effect on the solvus is small 
and the solvus at 1 bar was used to get the equilibrium temperature at 2 GPa. They estimated the 
equilibrium temperature for this unmixing garnet pair by using Ganguly’s model, to be between 
400 and 450 ºC. But our bigger 
,V PyGrW  and ,V GrPyW  from our new excess volume data, mean that 
the effect of pressure should not be ignored. According to extrapolation from our new two phases 
heating experiment result, critical temperature of pyrope-grossular solvus can be as high as 950 
ºC at this pressure, and thus an equilibrium temperature as high as 850 ºC is projected based on 
the compositions they reported, simplified from four component compositional domain 
(~Py66Gr17Al16Sp1 and ~Py42Gr43Al14Sp1) to pyrope-grossular join (~(PyAl)83Gr17 and 
~(PyAl)57Gr43). In addition, considering the fact that the existence of almandine decreases the 
possible temperature for immiscibility to occur (Ganguly et al., 1996), an equilibrium 
temperature about 600 ºC will be the more accurate estimate for this garnet pair reported by 
Wang et al. (2000) , which is compatible with their geological occurrence.   
Almandine-rich garnet crystals with different pyrope and grossular contents from host rock, 
bleach zones, and veins were reported by Spandler and Hermann (2006); and a prograde 
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metamorphism temperature over range of ∼400 °C to ∼600 °C were calculated by using garnet 
rim and matrix omphacite rim compositions. The compositions of garnets and the temperature 
range seems consistent with our new experiment result, however, as Spandler and Hermann 
implied in their paper, these garnets are unlikely results of exsolution on cooling, because 
immisicibility solvus of garnet only occurs in very pyrope-rich and almandine-poor garnet 
compositions (Wang et al., 2000). 
Of course, all the reported garnet pairs are not pure pyrope-grossular garnet solid solution; 
other components (e.g. almandine) will have some effect on the equilibrium temperature 
calculated. So further experiments on ternary garnet solid solution are needed before a more 

















1  Garnet exsolution by compositional convergence and divergence was confirmed at 8 GPa in 
high pressure and high temperature heating experiments on two-phase garnet, consistent with our 
prediction based on large positive excess volume we reported in chapter 2.  
 
2  Critical temperature for pyrope-grossular garnet solvus at 6GPa is lower than 1200 °C, which 
is much lower than the modeling result calculated by Haselton and Newton, 1980.  
 
3  Two phases of pyrope-grossular garnet were observed to coexist at 8 GPa, 1100 and 1200 °C. 
Equilibrated composition ~Py82Gr18 and Py62Gr38 was confirmed by both convergence and 
divergence experiments at 1200°C and 8 GPa. Compositional convergence was also observed 
from experiment at 1100°C and 8 GPa, but divergence did not happen quickly enough for 
experimental accessibility. 
 
4 Our new experimental results on pyrope-grossular garnet solvi allows more realistic 
temperature estimates to be made for the 2-phase mantle garnet cooling assemblages reported by 
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